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ABSTRACT 
 
 Today, groups considered Hispanic in the United States consist of populations whose 
complex genetic structures reflect intermixed diverse groups of people who came in contact 
during Spanish colonization in Latin America.  After coming in contact and wiping out most of 
the Native Americans who occupied North and Latin America, the Spanish also introduced West 
African individuals for labor to begin developing crops to be shipped back to Europe, resulting in 
the Trans-Atlantic African slave trade.  These migration events and differential gene flow among 
males and females that occurred throughout Latin America have led to populations that have 
been genetically transformed from what they were prior to Spanish arrival (Madrigal, 2006).   
 Genetic research commonly refers to individuals considered Hispanic as “tri-hybrids” of 
Native American, European, and African ancestry (Bertoni et al., 2003; González-Andrade et al., 
2007).  This research focuses on populations from present-day Mexico, Puerto Rico, and Cuba, 
all of whom experienced various population histories as these three ancestral groups came in 
contact.  Published genetic research demonstrates that individuals from Mexico tend to have the 
highest mean proportion of Native American ancestry, while Puerto Rican individuals have the 
highest mean proportion of European ancestry, and Cuban individuals have the highest mean 
proportion of African ancestry (Bonilla et al., 2005; Lisker et al., 1990; Mendizabal et al., 2008; 
Tang et al., 2007; Via et al., 2011).  The present research utilizes craniometric data from these 
three groups to determine whether the cranial morphology reflects similar population 
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relationships and mean ancestry proportions as found in genetic research through Mahalanobis 
distance (D
2
), canonical discriminant function, and normal mixture cluster analyses.  Sex-biased 
ancestry asymmetry was also tested by separating each group by sex and running the same 
analyses. 
 The results show that all three groups considered Hispanic (Mexico, Puerto Rico, and 
Cuba) are significantly different from each other; however, when proxy ancestral groups are 
included (Guatemalan Mayan, Indigenous Caribbean, Spanish, and West African), the Mexican 
and Guatemalan Mayan samples are the most similar, followed by the Mexican and Indigenous 
Caribbean samples and the Puerto Rican and Cuban samples.  The results of the normal mixture 
analyses indicate that Mexico has the highest mean ancestry proportion of Native American 
(Guatemalan Mayan) (72.9%), while the Puerto Rican and Cuban samples both have a higher 
mean European ancestry proportion, with 81.34% and 73.6% respectively.  While the Cuban 
sample is not reflective of the genetic research in regards to ancestry proportion results, with the 
highest proportion of African ancestry over European and Native American ancestry, it does 
have the highest proportion of African ancestry among the three groups (18.4%).   When 
separated by sex, the results indicate that the Mexican and Puerto Rican samples may show some 
evidence in sex-biased ancestry proportions, with the male individuals having a larger proportion 
of European ancestry and the female individuals having a larger proportion of Native American 
or African ancestry.  Cuba, on the other hand, does not follow this trend and instead displays a 
higher proportion of European ancestry in females and a higher proportion of Native American 
and African ancestry in the males.  
 Techniques in the field of forensic anthropology in the United States are constantly being 
reanalyzed and restructured based on the changing demographics of the population, especially 
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with the arrival of individuals from Latin America (Ennis et al., 2011).  Recent samples of 
American Black and White individuals were included in the Mahalanobis distance (D
2
) and 
canonical discriminant function analyses in place of the ancestral proxy groups to determine the 
craniometric relationship of the groups within the United States.  The results show that the 
Mexico and Guatemala samples are the most similar (D
2
=2.624), followed by the Cuba and 
American Black samples (D
2
=3.296) and the Puerto Rico and American White samples 
(D
2
=4.317), which each cluster together in pairs.  These results reflect the population histories 
that took place during colonialism, with the largest amount of slave trade occurring in Cuba over 
the other two countries.  From an applied perspective, clarification is needed in the biological 
definition of Hispanic and the degree of heterogeneity in each social group, as well as the 
relationship among groups, in order to accurately develop techniques in forensic anthropology 
for human identification.         
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CHAPTER ONE: 
INTRODUCTION 
 
Understanding human variation is the foundation of biological anthropology.  By 
studying population histories, biological anthropologists are able to understand the source of this 
variation, whether environmental, social, or as a result of evolutionary forces, such as gene flow 
or genetic drift.  Variation is also important in forensic anthropology, a subfield of biological 
anthropology, in which the biology of the human skeleton reveals information to produce a 
biological profile of an unidentified individual.  The estimation of ancestry is a component of the 
biological profile that assists law enforcement with narrowing down an estimated geographic 
ancestry and region of origin of an individual.   
Within forensic anthropological casework, DNA sampling is undoubtedly the preferred 
method of positive identification; however, DNA analysis is expensive, time consuming, and 
family reference samples are frequently unavailable due to an unknown geographic region of 
origin of the unidentified individual.  By demonstrating the relationship of craniometrics to 
previously reported genetic results, craniometrics can be used to help narrow down an estimated 
region of origin, or biological ancestry, to assist law enforcement with the search and be one step 
closer to locating and obtaining DNA from possible family members. 
In 2010, the U.S. Census Bureau reported out of the 308.7 million individuals in the U.S., 
50.5 million (or 16 percent) were individuals considered Hispanic, principally from Latin 
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America.  Individuals from Latin America are an example of how varied population histories 
have greatly influenced and lead to a large amount of variation among the individuals living 
throughout different regions today.  Upon arrival of Spanish settlers in the late 1400s, 
populations in the Caribbean consisted of small groups of Native Americans throughout the 
islands, with larger groups inhabiting greater centers in Mexico.  Not long after the initial 
contact, Native Americans throughout the Caribbean and Mexico faced frequent struggles and 
threats from the Spanish (Rogoziński, 1999).  The populations of Caribbean Native Americans 
rapidly declined close to the point of extinction, while the Native Americans within Mexico 
quickly decreased as well (Jaffary et al., 2010).  European settlers, primarily the Spanish, 
colonized these areas with hopes of establishing new territory and developing land to be used for 
crops to be shipped back to Europe, such as sugarcane, coffee, and tobacco.  The labor necessary 
to produce these crops, especially with the amount expected to be returned to Europe, required a 
large and inexpensive work force, resulting in the Trans-Atlantic African slave trade 
(Rogoziński, 1999).  The African slave trade was implemented as a result of one-third to one-
half of the Taíno indigenous Native American population in the Caribbean having died within 
the first five years after initial European contact (Ferguson, 1998).  It is estimated that 
approximately 10 to 12 million Africans were taken into the African slave trade and forced to 
cross the Atlantic Ocean, most of which were sold in the Caribbean and South America, 
followed by the colonies of North America, and smaller numbers taken to Mexico and Central 
America (Klein and Vinson, 2007; West-Durán, 2003).  The large migration events and 
differential gene flow among males and females that occurred throughout the Caribbean and 
Central America resulted in populations that had been genetically transformed from what they 
were in these regions prior to the arrival of Europeans (Madrigal, 2006).    
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Today, in the United States, the United States Office of Management and Budget (OMB), 
and typically the general population in the United States, has established a way to categorize 
these individuals from or living in Latin America by defining Hispanic as “a person of Mexican, 
Puerto Rican, Cuban, Central or South American or other Spanish culture or origin, regardless of 
race” (Bertoni et al., 2003; Ennis et al., 2011:2; Office of Management and Budget, 1995; 
Ramirez and de la Cruz, 2002).  This term tends to group Spanish-speaking individuals in an 
attempt to simplify a reference to the “fastest growing minority” group in the United States 
(Melville, 1988).  This definition is encompassed in the OMB’s Statistical Directive No. 15 
which was created under the United States Census Bureau to provide racial and ethnic standards 
for record keeping, collection, and the presentation of federal statistics (Office of Management 
and Budget, 1995).  The objective was to create “compatible, non-duplicated, exchangeable 
racial and ethnic data” (Office of Management and Budget, 1995).   
Correspondingly, the U.S. Census Bureau attempts to quantify the number of Hispanics 
in the United States by referring to Hispanic individuals as an ethnic group category, as opposed 
to a racial category (Humes et al., 2011; Ramirez and de la Cruz, 2002).  Ethnicity typically 
encompasses individuals from either a common geographic, linguistic, or cultural origin 
(Itzigsohn and Dore-Cabral, 2000; Melville, 1988; Stephan and Stephan, 2000).  The U.S. 
Census Bureau notes that “Hispanic origin can be viewed as the heritage, nationality group, 
lineage, or country of birth of the person or the person’s parents or ancestors before their arrival 
in the United States” (Ennis et al., 2011:1-2).  Additional terminology commonly used for 
individuals considered Hispanic in Latin America and the Caribbean includes Latino or Spanish, 
and it is acknowledged that all of these individuals could be any ancestry or “race” (Ennis et al., 
2011).  For the purposes of this dissertation, and consistent with the use of the U.S. Census 
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Bureau’s definition, the term “Hispanic” will be used, as opposed to Latino or Spanish (Ennis et 
al., 2011; Spradley et al., 2008).  It should be noted, however, that this term is only utilized by 
individuals and organizations within the United States and not within the respective countries. 
Ross et al. (2004) refer to the word Hispanic as an “umbrella term” representative of a 
wide variety of individuals.  Although Ross et al. (2004) and Melville (1988) both highlight the 
majority of individuals considered Hispanic are either Spanish-speaking, or come from a 
Spanish-speaking country, the individuals included in the Hispanic category are from many 
population groups and a wide geographic area, including a large proportion of whom are native-
born within the United States.  On the other hand, there are many differences found between 
these groups, including the population histories, ancestral origins, cultures, residential locations, 
and their status within the United States (Melville, 1988; Shidner and Davis, 2009).  From a 
biological perspective, there is a large amount of heterogeneity among the groups considered 
Hispanic and the sociocultural and biological factors that interact are important in shaping their 
genotypes, phenotypes, and social identities (González Burchard, 2005; Klimentidis et al., 2008; 
Spradley and Jantz, 2005; Spradley et al., 2008).   
The historical events that took place during colonization in Latin America have 
differentially influenced the genetic makeup of the present-day populations (Bryc et al., 2010; 
Sans, 2000).  Native American, European, and West African populations have contributed 
genetically to the modern-day Hispanic population, which is frequently referred to as a “tri-
hybrid” of these three ancestral groups in the genetics field of research (Bryc et al., 2010; 
González Burchard et al., 2005; González-Andrade et al., 2007; Price et al., 2007).  Additionally, 
genetic research has discovered admixture in some countries to be sex-biased, or sexually 
asymmetrical, primarily occurring between European males and Native American and/or African 
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females (Bryc et al., 2010; Carvajal-Carmona et al., 2000; González-Andrade et al., 2007).  It is 
estimated that approximately 90% of the European settlers who arrived into Latin America were 
male individuals, which most likely influenced the gene flow that occurred during colonization 
(Bryc et al., 2010).   
As the genotype of these individuals is influenced by the historical events that took place, 
evidence can also been seen in the phenotypic expression of specific traits, such as the cranial 
morphology.  Relethford (1994, 2002) suggests that there are similar degrees of human variation 
in both genetic markers and craniometric traits.  These similarities are evident in genetic and 
craniometric data trends pertaining to the diversity of human populations.  Several studies have 
been conducted that have compared genetic and craniometric ancestry admixture estimates in 
groups considered Hispanic; however, most have concentrated on Mexican populations.  Slice 
and Ross (2004) found that contemporary Mexicans are most similar to native Mexican 
populations, with significant differences from European and African groups.  Martinez-Abadías 
et al. (2006) also analyzed craniometric admixture within Mexico by testing a bi-hybrid model of 
Spanish and Amerindian ancestry in two post-contact groups from Mexico.  They found that the 
morphology in the Mexican groups fell in the range of variation between the two ancestral 
groups (Martinez-Abadías et al., 2006).  Hughes et al. (2013) found similar results with a 
regional approach in Mexico, finding that the proportion of Native American ancestry increased 
from north to south, while the proportion of European ancestry increased from south to north.  
They also concluded that the proportion of African ancestry remained relatively low throughout 
all regions of Mexico.  
To examine the ancestral admixture of groups considered Hispanic using a biological and 
forensic anthropology perspective, this research uses craniometric data, representing the 
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phenotypic morphology of the cranium, of three groups to determine whether similar proportions 
of ancestral admixture are reflected in the craniometrics as has been found in published genetic 
research.  Out of the total 50.5 million individuals considered Hispanic in the United States in the 
2010 U.S. Census, 28.3 million identified as Mexican, 3.7 million identified as Puerto Rican, and 
1.6 million identified as Cuban (Ennis et al., 2011).  Therefore, this research focuses on 
individuals identified as belonging to one of these three groups, as they are the three most 
populous groups considered Hispanic in the United States.  Recent research discusses the 
biological and skeletal variation among individuals considered Hispanic throughout the United 
States, suggesting a need for population specific methods for individuals from different 
geographic areas (Ross et al., 2004; Spradley et al., 2005; Spradley et al., 2008).  The present 
research begins by illustrating the craniometric variation among the three main groups (Mexico, 
Puerto Rico, and Cuba), which are then compared to three groups serving as ancestral 
populations, which are considered “proxies” to those populations who came in contact during 
colonialism in these geographic areas.   
The first objective of this research tests whether similar trends in ancestral admixture 
proportions are seen in the craniometrics of three groups considered Hispanic (Mexican, Puerto 
Rican, and Cuban) as has been found in published genetic studies.  It is hypothesized that each 
group will display similar trends in ancestry proportions in the craniometrics as in genetic studies 
due to the events that took place during colonization—with Mexicans demonstrating higher 
Native American ancestry, Puerto Ricans demonstrating higher European ancestry, and Cubans 
demonstrating higher African ancestry. 
The second objective is to determine whether sex-biased ancestral asymmetry is found in 
the craniometrics that is reflective of the results seen in genetic studies.  It is hypothesized that a 
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sex bias will be found showing ancestral proportion asymmetry among the males and females of 
all groups considered Hispanic in the craniometrics, with males typically having a higher 
proportion of European ancestry and females having a higher proportion of Native American 
ancestry, which will be consistent with the trends found in genetic studies.   
From an applied perspective, Spradley et al. (2008) argue that the field of forensic 
anthropology must adapt to the changing demographic structure of the population, specifically 
with the increasing number of individuals considered Hispanic in the United States.  As the 
Hispanic group continues to become more prevalent in the United States, an understanding of the 
trends in ancestry in the genetic and craniometric data can allow for the development of more 
accurate techniques for estimating ancestry and geographic origin of skeletal remains thought to 
belong to groups considered Hispanic.  The third objective is use modern craniometric data to 
illustrate population relationships among groups considered Hispanic and modern American 
Black and White samples, and discuss the significance from a forensic anthropological 
standpoint.   
The following chapters of this dissertation will introduce and obtain the objectives 
presented based on the craniometric samples included in this research.  Chapter Two (Literature 
Review) provides a discussion of previous research on cranial morphological variation, the 
historical background of the varying population histories and literature review of the Hispanic 
groups included in the research, as well as a review of the genetic research that discusses the 
ancestry proportions and sex-biased ancestry proportions in groups considered Hispanic, 
primarily focusing on the three groups included in this research.  Chapter Three (Materials) 
outlines the samples and collection information used for the craniometric analyses.  Chapter Four 
(Methods) explains the data collection methods as well as the statistical analyses utilized to 
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assess the cranial variation and ancestry proportions of each sample group.  Chapter Five 
(Results) presents the results of all statistical analyses.  Chapter Six (Discussion) discusses the 
relevance of the results of this research, as well as its applications to the field of biological and 
forensic anthropology.  Chapter Seven (Conclusion) summarizes and highlights the conclusions 
of this research.  
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CHAPTER TWO: 
LITERATURE REVIEW 
 
Craniometric Analyses and Human Genetic Variation 
Relethford (1994) states there are similar degrees of human variation in both genetic 
markers and craniometric traits.  These similarities are evident in genetic and craniometric data 
trends pertaining to the diversity of human populations.  Relethford (2002) also states that about 
10% of a species’ total genetic diversity is present among major geographic regions, only 5% 
exists among local populations within regions, yet 85% is present within local populations.  
Craniometric variation is similar, according to Relethford (2002), in that about 13% of a species’ 
total craniometric variation is present among major geographic regions and 6% is present among 
local populations within regions.  He also found that 81% of a population’s craniometric 
variation is found in local populations, which is consistent with the trends seen in genetic 
markers.  This research on human variation has suggested that there are high levels of variation 
within geographic regions compared to relatively low levels among regions (Relethford, 1994).  
Lewontin (1977) made similar observations prior to Relethford and suggested that the amount of 
variation among major geographic groups, which he defined as groups corresponding to the 
divisions based on conventional racial classifications, was low compared to the total diversity 
present within human species as a single unit.   
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Many craniometric studies focus on cranial plasticity as a result of movement to a new 
environment (Boas, 1910; Boas, 1912; Little and Baker, 1988).  Cranial plasticity consists of the 
idea that environmental forces during the stages of growth and development can shape the 
cranium because of the way it responds to new environmental conditions (Sparks and Jantz, 
2002).  When these environmental changes occur, either due to shifts in living conditions, 
nutritional changes, or exposure to a new environment for example, physical secular changes 
may take place within the given population (Spradley, 2006).  Cranial plasticity, as a result of the 
environment, is in contrast to heritability, which describes the manner of acquisition of the 
phenotypic variation that is attributed to genetics.  Franz Boas’ developmental plasticity studies 
are some of the earliest examples of this type of developmental plasticity research (Boas, 1912).  
Boas (1912) conducted his studies during the early 1900s on immigrants and their descendants 
and proposed that the environment could significantly modify the morphology of the cranium 
(Sparks and Jantz, 2002).  He based this conclusion on his analyses of head measurements from 
almost 18,000 European born immigrants and their children born in New York, which was 
collected from 1908 to 1910 (Gravlee et al., 2003a,b; Sparks and Jantz, 2002).  Boas’ primary 
objective was to assess the effect of the United States’ environment on new immigrants, and 
therefore he compared the measurements of foreign-born and American-born children of 
multiple European ethnic groups (Gravlee et al., 2003a).  Boas’ analyses parallel a similar 
question regarding whether the new environment may have influenced the craniometrics of the 
Spanish and African individuals that came in contact with Native Americans during arrival to 
Latin America, and more importantly the influence the environment may have had on their 
descendants generations later, as well as how much evidence of ancestral craniometric traits 
persists within the crania of present day individuals. 
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Martinez-Abadías et al. (2006) propose that by exploring how the cranium responds to 
the predictions of classical quantitative genetics, the phenotypic expression of cranial 
morphological variation can be further understood.  Classical quantitative genetics theory 
predicts that gene flow has the ability of homogenizing genetic composition, and if gene flow is 
the only mechanism operating, then the two populations will come together and consist of an 
average of the initial gene frequencies (Futuyma, 1986; Martinez-Abadías et al., 2006).  Under 
this theory, it is proposed that an admixed group, such as a Hispanic group, will exhibit 
phenotypic values lying between the values of each parental group based on contribution levels 
(Martinez-Abadías et al., 2006).  Nonetheless, it is important to consider that the complex 
structure of the human cranium may not directly follow this theory.  Many factors are 
contributing to the development of the cranium, including developmental and functional 
constraints, the environment, nutritional intake, and various levels of plasticity (Martinez-
Abadías et al., 2006; Relethford, 2004).  However, specific functional and developmental 
modules of the cranium have been found to reflect relationships based on neutral molecular 
markers (Harvati and Weaver, 2006; Smith, 2009; Smith, 2011; Roseman, 2004), and can 
therefore be used to estimate genetic relationships among human populations when direct 
molecular data is not available (Smith, 2011).   
With the difficulties in separating all of the variables in admixture studies using genetic 
and craniometric analyses, multiple studies have been conducted analyzing the effects of 
genetics on quantitative phenotypic traits, such as the human cranium.  Jantz (1973) and Key and 
Jantz (1981) analyzed the effect of gene flow on Arikara crania after coming in contact with 
neighboring Native American groups, primarily the Mandan, as well as with European settlers.  
Jantz (1973) hypothesized that if gene flow did occur between the Arikara and the Mandan 
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and/or Europeans, it would be reflected in cranial morphology.  After finding Mandan and 
European contributions to the Arikara crania, Jantz (1973) recognized that skeletal populations 
may hold a greater value than believed in microevolutionary studies.   
Microevolutionary studies using craniometric data have also been conducted on present-
day Hispanic populations, which reflect evidence of the varying population histories among the 
groups.  Several studies have been conducted that have compared genetic and craniometric 
ancestry admixture estimates, however, most have concentrated on Mexican groups.  Slice and 
Ross (2004) found that contemporary Mexicans are most similar to native Mexican indigenous 
populations, with a significant distinction from the European and African groups in which it was 
compared.  Martinez-Abadías et al. (2006) also analyzed the admixture of cranial morphology, 
using 3D coordinate data, within Mexico by testing a bi-hybrid model of Spanish and 
Amerindian ancestry in two post-contact samples from Mexico.  They found that the morphology 
of the Mexican groups fell in the range of variation between the two ancestral groups tested, but 
with the earlier colonial sample falling closer to the Amerindian centroid, while the later colonial 
sample fell closer to the Spanish centroid (Martinez-Abadías et al., 2006).  Martinez-Abadías et 
al. (2006) recognize, however, that the impact of admixture on Mexican populations differed by 
region, and therefore, should be taken into consideration with studies such as these.   
Similar to this research, Hughes et al. (2013) assessed regional craniometric trends in 
Mexico with identified individuals with known state of origin.  They utilized a normal mixtures 
analysis to estimate classification probabilities for each Mexican individual grouped into regions 
in a north to south direction, utilizing Native American, European, and African samples as the 
Ancestral Proxy Groups.  This study found that the proportion of European ancestry increases 
from the south to north, while the proportion of Native American ancestry increases from north 
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to south and, additionally, remains the highest ancestry proportion in every region.  Consistently, 
the proportion of African ancestry remained low across all regions.  Hughes et al. (2013) 
compared these craniometric results to Rubi-Castellanos et al.’s (2009) study of genetic ancestry 
proportions with the same regional groups, and found very similar results in ancestry trends.  
Additional research has been conducted on Mexican samples to assess regional variation in 
cranial morphology illustrating the intra-population variation throughout Mexico, including 
Figueroa-Soto and Spradley (2013) and Humphries et al. (2013). 
Ross et al. (2004) conducted a similar analysis on a Caribbean population, specifically on 
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 century Cuban crania, finding that modern Cuban crania exhibit strong African morphology, 
which was followed by Spanish morphology.  Ross et al. (2004) found that modern Cubans have 
very little, if any, indigenous Native American component, compared to Mexican individuals 
who tend to have a strong indigenous component.  On the other hand, Ross et al. (2004) predict 
that Cuban individuals should have a stronger African component, compared to Mexican 
individuals as a result of their population histories.  These results stress the importance of 
assessing regional cranial morphological variation in populations considered Hispanic due to the 
variation not only among Mexico and Cuba, but also variation most likely present even among 
different Caribbean groups (Ross et al., 2004).  
 
Ancestral Population Histories 
While there are cultural similarities among groups considered Hispanic, their ancestral 
histories have greatly influenced their biological evolutionary courses leading to a large amount 
of biological variation among and within the groups.  Evidence within the genetic structure of 
groups considered Hispanic reflect ancestral contributions from relatively recent admixture from 
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three primary geographic areas, consisting of indigenous Native Americans, Europeans, and 
West Africans (Bryc et al., 2010; González Burchard et al., 2005).  Bertoni et al. (2003) suggest 
that the ancestries of all Hispanic populations are tri-hybrids formed from these three regional 
groups (González-Andrade et al., 2007).  Historical events have influenced the patterns of 
genetic variation among Hispanic groups living today.  These events have resulted in a 
heterogeneous ancestry within and among these groups (Bryc et al., 2010). 
This research uses craniometric data, representative of the phenotypic morphology, of 
individuals from Mexico, Puerto Rico, and Cuba to examine the ancestral admixture and to 
determine whether similar proportions of admixture are reflected in the craniometric data as has 
been found in published genetic studies.  The following section will review the historical events 
in Mexico and the Caribbean, which may have influenced the population structure of these three 
groups. 
 
Indigenous Native Americans 
Archaeological and genetic evidence suggests that the first individuals arrived in North 
America from Asia through the Bering Strait between 15,000-25,000 years ago (Rubi-
Castellanos et al., 2009).  The individuals in these groups migrated throughout North America, 
settled in different regions of Latin American, and then eventually migrated into the Caribbean, 
most likely from South America (Mendizabal et al., 2008; Rogoziński, 1999; Rubi-Castellanos et 
al., 2009).   
With the advent of agriculture and the deliberate cultivation of plants for consumption in 
Mesoamerica, stratified social organizations evolved and allowed for the rise of the first 
civilizations to appear in Mexico between 1500 and 200 BC (Kirkwood, 2000).  There is debate 
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over the first official civilization; however, the Olmecs are commonly thought to be the first with 
their cities appearing around 1200 BC.  Between 500 and 400 BC, the Olmec power declined and 
the Olmec groups soon disappeared for reasons not clearly known (Kirkwood, 2000).       
The three predominant indigenous Native American groups known to live in Pre-
Columbian Mexico, between 200 and 1519 AD, include the Mayas, the Nahuas (Aztecs), and the 
Mixtecs (Jaffary et al., 2010).  A smaller fourth group includes the people of the central Mexican 
city Teotihuacan, who are typically identified by the city name (Jaffary et al., 2010).  Although 
these groups spoke different languages and experienced continuous struggles among each other, 
all of the Mesoamerican groups shared a set of common characteristics, including intensive 
agriculture, sedentary populations, urbanized social life, hierarchies, writing systems, and 
religious justifications for politics (Jaffary et al., 2010).           
Just to the north of present-day Mexico City, Teotihuacan built pyramids and palaces 
along straight avenues; however, between 700 and 800 AD, the Teotihuacan state collapsed 
(Kirkwood, 2000).  At the very end of the Post-Classic period, the Nahuas increased in number 
and power and created one nation, the Mexica, which is now known as the Aztec Empire (Jaffary 
et al., 2010).  By 1470, the power of the nation of Mexica covered the Valley of Mexico and the 
majority of central Mexico from the eastern to western coasts (Jaffary et al., 2010).  The Mexica 
Empire expanded outward from the main city of Tenochtitlan, which is archaeologically located 
below present-day Mexico City.   
Indigenous Native Americans arrived in the Caribbean much later, and not until 
approximately 500 BC.  Three primary groups were known to be indigenous to the Caribbean, 
including the Ciboneys, the Taínos (within the Arawak language group), and the Caribs 
(Figueredo and Argote-Freyre, 2008).  Archaeological evidence suggests that the Ciboney 
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Indians were the first to arrive in the Caribbean, and were also the earliest known inhabitants of 
Cuba (Pérez, 2006).  However, conflicting evidence makes it unclear as to whether the Ciboneys 
entered into the Caribbean from Florida, Central America, or South America (Ferguson, 1998; 
Figueredo and Argote-Freyre, 2008; Pérez, 2006).   Archaeological evidence proposes a 
connection of the Ciboneys to southern Florida, but they eventually disappeared from the area 
(Pérez, 2006).   
The Taínos are believed to have originated in northeastern South America, specifically 
present-day Venezuela, around the Orinoco River and, similar to the Ciboneys, entered into the 
Caribbean around 500 BC (Figueredo and Argote-Freyre, 2008; Ross, 2004).  The majority of 
the Taínos lived in Hispaniola, Puerto Rico, and the eastern portion of Cuba, after making their 
way north through the West Indian archipelago (Figueredo and Argote-Freyre, 2008; Pérez, 
2006).  The Taínos gradually moved throughout the Caribbean, eventually replacing the earlier, 
less settled groups, such as the Ciboneys (Ferguson, 1998).   
The last of the three major groups to arrive to the Caribbean were the Caribs, who arrived 
from South America approximately 2,000 years ago (Figueredo and Argote-Freyre, 2008).  
Constant struggle and warfare persisted between the Taínos and Caribs.  The Caribs are known 
to have been fierce warriors and destroyed every Taíno settlement they came across (Ferguson, 
1998; Figueredo and Argote-Freyre, 2008).  The Taíno population continued to diminish 
especially after the arrival of the Spanish, either from death due to warfare, disease, or from 
intermarriage with Caribs, Spanish, and eventually African individuals.  Recently, a living Taíno 
population was found on a small island in Puerto Rico with DNA comparisons matching them to 
skeletal remains found in a Taíno archaeological site (Figueredo and Argote-Freyre, 2008).  This 
provides evidence of persistent Taíno ancestry present within this group through the Spanish 
17 
 
contact period.  Alternatively, the Caribs maintained less contact with the Spanish initially, but 
eventually defended their land against the Europeans (Figueredo and Argote-Freyre, 2008).  
Some Carib reservations still exist, including one on the island of Dominica whose inhabitants 
were relocated there by the Church of England in the 1760s.  Carib influence is still very strong 
and can be found on many of the islands in the Lesser Antilles (Figueredo and Argote-Freyre, 
2008).      
 
European Contact 
The Spanish arrived the Caribbean in the Bahamas on October, 12 1492 by Christopher 
Columbus (González Burchard et al., 2005; Rogoziński, 1999).  While on his first voyage, 
Columbus visited the Bahamas, Cuba, and Hispaniola.  The Spanish first came in contact with 
the Taínos in Cuba, and before heading back to Spain, they created a fort on the island of 
Hispaniola (Figueredo and Argote-Freyre, 2008; Pérez, 2006).  During Columbus’ second 
voyage to the Caribbean, he grew frustrated with the uncooperative indigenous groups and 
forced many of the Taíno into the slave trade.  In 1495, the Taínos began an uprising against the 
Spanish, and after a Spanish victory, approximately five hundred Taíno were shipped back to 
Spain as slaves.  The three hundred Taíno who survived the trip were immediately sold at public 
auction.  Most of these individuals died within the first few weeks after the arrival to Spain 
(Ferguson, 1998).  Estimates suggest that between one-third and one-half of the Taíno 
indigenous population died by 1497, which is only five years after initial European contact 
(Ferguson, 1998).   
In 1508, an expedition to Puerto Rico established the first official European settlement, 
and soon after, a settlement was established in Cuba in 1511 (Rogoziński, 1999; Wagenheim and 
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de Wagenheim, 1999).  Caribs continued to threaten settlers within Puerto Rico, and soon 
slaving expeditions were authorized by the Spanish in 1511, in which Caribs were forced into 
slavery throughout the Caribbean settlements (Rogoziński, 1999).  By 1515, resistance of 
indigenous groups had been halted within Cuba and further destruction of Taíno communities 
took place.  Gold had been discovered in large quantities throughout Cuba, attracting more 
settlers and towns throughout the island (Ferguson, 1998).  Expeditions to other islands were 
attempted to establish additional settlements, but constant Carib threats forced the Spanish to 
remain in only a few locations until much later (Ferguson, 1998).   
Soon Spain’s dreams of finding excessive amounts of gold diminished after many 
unsuccessful expeditions in parts of the Caribbean, replaced by sugar at the center of the 
Caribbean’s agricultural economy.  Columbus originally introduced the first sugar plants to 
Hispaniola, which thrived in the soil (Ferguson, 1998).  Sugar was extremely rare and valuable in 
Europe, as it was typically cultivated and imported from the Canary Islands, Madeira, Crete, or 
from North Africa.  The first sugar mill was built in Hispaniola in 1516, and by 1523, twenty 
sugar mills had been opened.  Construction of sugar mills began in Jamaica, Cuba, and Puerto 
Rico (Ferguson, 1998).  Tobacco, which was introduced to the Spanish by the Taíno, was also a 
new commodity with a slow growing market in Europe.  Not until 1609 did Cuba ship over 
15,000 pounds of tobacco to Spain; four years later over 400,000 pounds of tobacco was shipped 
(Figueredo and Argote-Freyre, 2008).  With the development of new industries and sources of 
income for the King of Spain and the colonists, the next obstacle was obtaining an adequate 
amount of labor to handle the amount of the products they intended to produce. 
Meanwhile, the Spanish quickly made their way to Mexico from Cuba and discovered the 
Yucatán Peninsula in 1519 (Ferguson, 1998; Jaffary et al., 2010; Rubi-Castellanos et al., 2009).  
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Soon, the Spanish empire had overtaken much of the indigenous groups’ cities and extended 
from Mexico to South America (Ferguson, 1998).  One hundred years later, in 1620, the 
indigenous population within Mexico was thought to have decreased to approximately only one 
million individuals (Jaffary et al., 2010).  Despite Spanish claims over the Caribbean, and the 
rest of the New World, other European countries, including the Dutch, English, and French, had 
also successfully established settlements within the Caribbean and portions of South America, 
especially Brazil (Figueredo and Argote-Freyre, 2008).  Continuous struggles occurred among 
all European settlers and the indigenous groups that lived in these areas upon their arrival.  
Through slavery, disease, and warfare, the indigenous populations drastically decreased after the 
arrival of Europeans (Rogoziński, 1999).  
 
African Slave Trade 
The first slaves imported into the Caribbean, besides the indigenous Caribs who were 
taken as slaves, were actually white laborers from Europe, and typically consisted of indentured 
servants or convicted criminals (Figueredo and Argote-Freyre, 2008).  Many were brought to the 
Caribbean by force or with false promises of short contracts.  This system was determined to be 
too costly, as servants expected their contract to end and was promised a share of land 
(Figueredo and Argote-Freyre, 2008).   
The Spanish had previously utilized African slaves in Europe, possibly beginning in the 
1450s, who were captured from the west coast of Africa by Portuguese slave traders (Ferguson, 
1998; West-Durán, 2003).  These slaves were commonly used as servants in European 
households, and many were also brought over with early colonists (Ferguson, 1998).  The trans-
Atlantic slave trade soon began as early as 1513 with the Spanish government granting licenses 
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to bring slaves directly from Africa to the Caribbean to work on sugarcane plantations, as well as 
other crops such as tobacco (Figueredo and Argote-Freyre, 2008; Rogoziński, 1999).  By the 
1600s, about 60 percent of the individuals in the Caribbean were European, while the rest of the 
population consisted of African slaves and surviving indigenous Native American individuals 
(Figueredo and Argote-Freyre, 2008).  In order to increase production rates of goods, most of the 
Caribbean islands were dominated by the slave population rather than the Europeans (Figueredo 
and Argote-Freyre, 2008).   
From 1500 to 1800, almost four million West Africans were recorded to have been 
transported into the Caribbean for slavery (Figueredo and Argote-Freyre, 2008).  Cuba once 
contained the second largest number of slaves in the Caribbean, after Saint-Domingue, with an 
increase of 50,000 slaves in 1790 to approximately 239,000 slaves in 1867.  From 1811 to 1867, 
a total of 637,000 slaves were reported to have been shipped to Cuba (Figueredo and Argote-
Freyre, 2008).  The slaves brought to Cuba were from four primary areas on the western coast of 
Africa, which included groups known as the Congo (or Bantu), the Yoruba, the Ararás, and the 
Carabalíes (West-Durán, 2003).  The Congo were the first slaves brought to Cuba.  They were 
captured from what is recognized today as the Republic of Congo, Angola, and Mozambique 
(West-Durán, 2003).  The Yoruba originated from present-day Nigeria and Benin, and were 
predominantly brought to Cuba during the 1800s when Cuba imported over 550,000 slaves 
(West-Durán, 2003).  The Ararás were also brought from Benin, and the Carabalíes are from 
Niger and Cameroon (West-Durán, 2003).        
On the other hand, Puerto Rico did not follow the same trend as Cuba, and instead, in 
1827, contained only 34,240 slaves with 320,000 Europeans and individuals considered 
“colored”.  The land in Puerto Rico, compared to Cuba, was better suited for coffee cultivation 
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than sugarcane, which lessened the demand for slaves (Figueredo and Argote-Freyre, 2008).  
West-Durán (2003) suggests that Puerto Rico experienced greater admixture among ancestral 
groups because of the fact that the economy was not dominated by sugar and was therefore not 
as large of a plantation society.  After 1600, the island of Puerto Rico had a slave population of 
less than 15 percent of the population, while the percentage was typically between 5 and 9 
percent of the total population (West-Durán, 2003).  When slavery was abolished in Puerto Rico 
in 1873, the composition of Puerto Rico was recorded to be 40-55% white, 40-50% free non-
whites, and 5-15% slaves (West-Durán, 2003).           
Spanish settlers in Mexico also initially utilized indigenous individuals as slaves; 
however, unlike many of the Caribbean islands, Mexico did not import large amounts of slaves 
from Africa (Jaffary et al., 2010; Kirkwood, 2000).  By the late 1700s, only about six percent of 
Mexico’s overall population was black or mulato (individuals of African and Spanish descent) 
(Jaffary et al., 2010).   
The history of the various countries within Latin America and the Caribbean, specifically 
Mexico, Cuba, and Puerto Rico, exemplify the complex population histories of the individuals 
living in those countries today.  The history of each indigenous group, the contact of Europeans, 
and the introduction of the African slave trade have contributed to the current population 
structure of the groups.  As a result of the differential gene flow that occurred as an outcome of 
the historical events, the genetic makeup of the populations, especially within the Caribbean, 
have been profoundly altered from what it was prior to European contact (Madrigal, 2006).      
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Genetic Ancestry Proportions 
Ancestry Proportions  
The population history of each country in Latin America and the Caribbean led to varying 
proportions of ancestry within each population.  Genetic studies have been conducted on many 
groups considered Hispanic assessing the proportion of ancestry reflected in each individual, as 
well as the groups as a whole (Bertoni et al., 2003; Bryc et al., 2010; Lisker et al., 1986; 
Mendizabal et al., 2008; Price et al., 2007; Rubi-Castellanos et al., 2007; Tang et al., 2007; Via 
et al., 2011; Wang et al., 2008).  Most of these studies utilize genetic loci called ancestry 
informative markers (AIMs) that demonstrate large frequency differences between populations 
and are commonly used to study ancestral contributions to groups that are considered to be 
recently admixed (Martinez-Fierro et al., 2009).  The proportions of ancestry are assessed using 
the assumption, based on historical events, that each population considered Hispanic is a tri-
hybrid, consisting of admixture among indigenous Native American, European, and African 
ancestry (Bertoni et al., 2003).  The ancestry proportions in the genetic research discussed below 
is presented in Table 2.1. 
 Trends in ancestry proportions in Mexico, as well as other Latin American populations, 
tend to vary based on the sample’s geographic location or origin.  Many of the genetic studies on 
Mexican populations focus on Mestizo individuals.  Mestizos throughout Latin America are 
typically defined as those individuals containing admixture of indigenous Native American and 
Spanish, and Mexican Mestizos are more specifically defined by the National Institute of 
Anthropology as an individual born in Mexico, has a Spanish-derived last name, and has a 
family of Mexican ancestors back to the third generation (Gorodezky et al., 2001; Martinez-
Fierro et al., 2009).  In 1570, individuals considered Mestizo made up <0.5% of Mexico’s 
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population, which increased to almost 40% in 1810, and today make up about 93% of the total 
population in Mexico (Rubi-Castellanos et al., 2007).  Wang et al. (2008) assessed the genetic 
admixture of 249 individuals from 13 different Mestizo populations and found strong 
geographical trends.  The Mestizo populations with the largest proportion of Native American 
ancestry were those found in locations where major pre-Columbian civilizations historically 
developed (Wang et al., 2008).  On the other hand, the Mestizo populations with the largest 
proportion of European ancestry were those located away from these pre-Columbian civilizations 
(Wang et al., 2008).  Furthermore, Wang et al. (2008) found that the highest proportion of 
African ancestry, which consistently remained around 10%, was located along the eastern coast 
bordering the Caribbean.  Bonilla et al.’s (2005) work supports Wang et al.’s (2008) findings by 
demonstrating the complexity of admixture mapping in Mexico.  By comparing their results on a 
Native American Mestizo population from the rural town of Tlapa, Mexico to other studies on 
Mestizo populations, they found varying proportions of ancestry.  Within the populations, Native 
American ancestry ranged from 27.6% to 94.5%, European ancestry ranged from 4% to 56%, 
and West African ancestry ranged from 0.9% to 40.5% (Bonilla et al. 2005).   
Price et al. (2007) conducted admixture mapping on multiple Hispanic populations.  They 
found that the Mexico City sample they used for their study (n=37) exhibited 52% European, 
45% Native American, and 4% African ancestry when using AIMs (Price et al., 2007).  
Martinez-Fierro et al. (2009) assessed 100 non-related male individuals in northeastern Mexico.  
They found a mean Native American ancestry of 56%, a mean European ancestry of 38%, and a 
mean West African ancestry of 6% (Martinez-Fierro et al., 2009).  Lisker et al. (1990) 
consistently found in individuals from four cities in Mexico that the highest ancestry proportion 
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was indigenous Native American, followed by European, and less than 10% of African ancestry 
proportion.  Lisker et al. (1986) had also found the same trends in a Mexico City population.     
Rubi-Castellanos et al. (2007) assessed regional trends in Mexico from CODIS-STR loci 
genetic data (n=2,389) from 13 different populations, including 10 populations considered 
Mestizo.  When considering the ancestry proportion results from all populations, Rubi-
Castellanos et al. (2007) found that European ancestry proportions increased from South to 
North, while indigenous Native American proportions increased from North to South.  The 
proportion of African ancestry remained relatively low and constant throughout all populations 
(Rubi-Castellanos et al., 2007).  These trends correspond to the high density of indigenous 
Native Americans in the southern portion of Mexico and throughout Mesoamerica prior to 
Spanish contact (Rubi-Castellanos et al., 2007).           
Bryc et al. (2010) found that significant population differences exist using a SNP and 
haplotype dataset when including and comparing populations in both Latin America and the 
Caribbean.  Within their population groups, which included Dominicans, Columbians, 
Ecuadorians, Mexicans, and Puerto Ricans, Dominicans (41.8% African, SD = 16%) and Puerto 
Ricans (23.6% African, SD = 12%), the two Caribbean populations, show the highest levels of 
African ancestry.  Mexicans and Ecuadorians, however, have the lowest levels of African 
ancestry (5.6% and 7.3% African, SD = 2% and 5%), but the highest levels of Native American 
ancestry (50.1% and 38.8% Native American, SD = 13% and 10%).  Although these trends were 
the most pronounced, Bryc et al. (2010) found a large amount of variation in European, Native 
American, and African ancestry among the individuals in each population.   
Tang et al. (2007) found a slightly smaller proportion of African ancestry in a Puerto 
Rican sample (n=192) with an average European ancestry proportion being 67%, followed by 
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African (18%) and Native American (15%).  Similarly, Via et al. (2011) found that the average 
ancestry proportions in their Puerto Rican sample (n=800) consisted of 63.7% European, 21.2% 
African, and 15.2% Native American.  All of these admixture analyses on Puerto Rican samples 
display European ancestry as the highest proportion when using the tri-hybrid ancestry model, 
followed by African and then Native American ancestry.  Although these trends are consistent 
among each study, Via et al. (2011) point out that Puerto Rico is a prime example of genetic 
admixture having geographic heterogeneity, even within a small geographic area. 
Alternatively, when assessing the ancestry proportions in Cuban individuals, Mendizabal 
et al. (2008) found their sample of modern Cubans (n=245) to have the highest genetic ancestral 
contribution from Africa (45%), followed by Native America (33%), and Eurasia (European and 
Middle East) (22%) when using SNPs in the mitochondrial DNA (mtDNA) and Y-chromosome.  
These findings are consistent with the fact that the African slave trade began earlier and was 
legal longer in Cuba than in any other Caribbean or Latin American country, which allowed for a 
larger influx of Africans and admixture to occur for a longer period of time (Mendizabal et al., 
2008).  It has been estimated that the total number of African slaves brought to Cuba throughout 
this period was anywhere from 702,000 (Curtin, 1969) to 1,300,000 (Pérez de la Riva, 1979) 
individuals.          
Multiple trends are evident within the genetic literature concerning admixture and 
ancestry proportions in groups considered Hispanic, including Mexico, Puerto Rico, and Cuba, 
which pertain to the specific research questions in the proposed study.  In Mexico, when a 
sample is used to represent the ancestry proportions of the individuals of Mexico as a whole, 
tends to have the highest Native American proportions, closely followed by European, and then 
consistently having a small proportion of African ancestry (Lisker et al., 1990; Martinez-Fierro 
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et al., 2009).  However, much of the genetic research in Mexico explores the ancestry 
proportions on a regional or geographic level within the country.  In these instances, African 
ancestry proportions consistently remain low, while the proportions of Native American and 
European ancestry consume the majority of the proportions.  Some research found that Native 
American ancestry increases from South to North and European ancestry, conversely, increases 
from North to South (Rubi-Castellanos et al. 2007), while other research suggests that, based on 
geographic location, those areas where pre-Columbian indigenous Native Americans were more 
common has a higher Native American proportion, and those areas where Native American 
individuals were less dense exhibit a higher European ancestry proportion (Wang et al., 2008).   
Alternatively, genetic research suggests that Puerto Rico and Cuba have lower levels of 
Native American ancestry, but higher levels of both European and African ancestry (Bryc et al., 
2010; Mendizabal et al., 2008).  Puerto Rico typically exhibits the highest European ancestry 
proportions, followed by African, and a small proportion of Native American ancestry (Via et al., 
2011), compared to Cuba, which was found the have the highest proportion of African ancestry, 
followed by Native American, and then European (Mendizabal et al., 2008).  While the levels of 
Native American ancestry are smaller in Puerto Rico and Cuba, as compared to the proportions 
of European and African ancestry, there are still noticeable proportions when utilizing AIMs 
from the mtDNA, with Puerto Rico having ~15.2% (Via et al., 2011) and Cuba having 33% 
(Mendizabal et al., 2008) Native American ancestry.  Although historical accounts suggest that 
almost all indigenous Native Americans were either killed or forced away from the Caribbean 
upon the arrival of the Spanish, these results demonstrate the persistent Native American 
component in the maternal gene pool (Mendizabal et al., 2008).  A summary of most of the 
genetic ancestry proportions discussed is presented in Table 2.1.  While these conclusions are 
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significant when assessing each population—or nationality, additional work has been done to 
explore variation within each population.  
 
Table 2.1: Summary of Average Genetic Ancestry Proportions.
* 
Country City Reference 
Native 
American 
Ancestry 
(%) 
European 
Ancestry 
(%) 
African 
Ancestry 
(%) 
Mexico Mexico City Price et al. (2007) 45.0 52.0 4.0 
 Mexico City Lisker et al. (1986) 56.2 40.9 2.9 
 Nueva Leon Lisker et al. (1990) 51.3 40.3 8.4 
 Nueva Leon Martinez-Fierro et al. (2009) 56.0 38.0 6.0 
 Merida Lisker et al. (1990) 51.2 42.9 5.9 
 Oaxaca Lisker et al. (1990) 67.6 30.6 1.8 
 Saltillo Lisker et al. (1990) 54.7 38.0 7.3 
 Tlapa Bonilla et al. (2005) 94.5 4.2 1.3 
 Unknown Bryc et al. (2010) 50.1 44.3 5.6 
Puerto Rico Unknown Bryc et al. (2010) - - 23.6 
 ~ Tang et al. (2007) 15.0 67.0 18.0 
 ~ Via et al. (2011) 15.2 63.7 21.2 
Cuba ~ Mendizabal et al. (2008) 33.0 22.0 45.0 
*BOLD indicates highest proportion of ancestry out of 100%. 
~Study was conducted on a sample representing all regions and cities throughout the country. 
 
 
Sex-biased Ancestry Asymmetry 
 Research has shown that genetic admixture in some countries may also have a possible 
sex-bias with asymmetrical ancestry among male and female individuals in Latin America and 
the Caribbean (Bryc et al., 2010; Carvajal-Carmona et al., 2000; González-Andrade et al., 2007; 
Spradley, 2006).  These findings are supported by historical documentation suggesting that 
approximately 90% of the European, or Spanish, settlers were male.  These trends are consistent 
with historical events and population ancestry proportions, as well as with gene flow and the 
admixture process occurring between European males and Amerindian and/or African females 
(Bryc et al., 2010).  During the 1500s, European women represented less than 10% of the total 
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Spanish population to come to the New World (Pérez, 2006).  During the early 1600s, Spanish 
families began arriving to the Caribbean countries, such as Cuba, however, no single women 
were present, and the imbalanced sex ratio continued through the 1600s (Pérez, 2006).  As a 
result of the small number of women, the Spanish settlers typically used Native American or 
African women as “personal servants and permanent concubines” (Pérez, 2006).  Therefore, the 
first generation of creoles, the term used for Spanish individuals born in the New World, was 
predominantly the children of European men and Native American or African women (Pérez, 
2006).                                      
 In Cuba, while the mtDNA of the Cuban sample displayed 33% Native American 
ancestry, Mendizabal et al. (2008) found no Native American component in the Y-chromosome 
haplogroups.  Similarly, although not as significant, a sex-bias was also found in the African 
proportions of the Cuban sample with mtDNA holding 45% African ancestry, and only 18% in 
the Y-chromosome (Medizabal et al., 2008).   
Within Puerto Rico, Martínez-Cruzado et al. (2005) found that mtDNA demonstrated 
61.3% Native American, 27.2% African, and 11.5% European ancestry, further suggesting an 
excess contribution of ancestry from Native American females.  While the Cuban study found a 
sex-bias to include African ancestry in the mtDNA, Martínez-Cruzado et al. (2005) did not find 
similar African bias in their Puerto Rican sample.  Bryc et al. (2010) also state that they did not 
find evidence of African ancestry in the mtDNA in Puerto Rico, only Native American, but 
found a strong European and African male sex-bias contribution on the Y-chromosome.  
Madrigal et al. (2007) similarly found trends in Costa Rica that were consistent with Bryc et al.’s 
(2010) findings in Cuba, with higher African proportions on the Y-chromosome than on the 
mtDNA. 
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 Similar research was also conducted by Wang et al. (2007) on Mexican Mestizos, 
concluding that Native American and African ancestry proportions were higher on the X-
chromosome, than on the Y-chromosome, while finding higher proportions of European ancestry 
on the Y-chromosome (Wang et al., 2007).  Price et al. (2007) reported that Native American 
ancestry was 54% higher than on the X-chromosome in a Mexican sample from Mexico City. 
Y-chromosome and mtDNA sex-bias patterns have also been found in other Latin American 
countries and populations, including Argentina (Dipierri et al., 1998), Ecuador (González-
Andrade et al., 2007), Brazil (Abe-Sandes et al., 2004; Marrero et al., 2007; Price et al., 2007), 
Columbia (Bedoya et al., 2006; Carvajal-Carmona et al., 2003; Price et al., 2007), and Costa 
Rica (Carvajal-Carmona et al., 2003; Castrì et al., 2007; Madrigal et al., 2001; Madrigal et al., 
2007).  
 With all of the studies discussed on ancestry proportions in Hispanic populations, most 
specifically concerning the populations in the proposed study (Mexican, Puerto Rican, and 
Cuban populations), it is evident that there is a large amount of regional variability regarding the 
admixture between the Native American, European and African ancestral populations in these 
countries.  The differences found between geographic regions can partially be explained by the 
historical events that influenced the interactions of the ancestral populations.  Studying admixed 
populations in a historical context can provide inferences into each population’s origin and 
evolution, which can lead to a more thorough understanding of the genetic and environmental 
factors that play a role in determining particular phenotypic traits.  As previously discussed, 
cranial morphology is one example of the expression of phenotypic variation in humans that has 
been found to mimic genetic ancestry variation.  Craniometric analyses can also be used to 
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estimate ancestry proportions when using samples from the ancestral populations, which can 
then be compared to the published genetic research for each population.   
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CHAPTER THREE: 
MATERIALS 
 
 The objectives of this research are to determine whether cranial morphology is reflective 
of previously published genetic ancestry proportions, and to apply the results concentrating on 
craniometric variation among groups considered Hispanic to biological and forensic 
anthropology practice.  This chapter will present the craniometric samples used to represent all 
populations included in this research, including three samples considered Hispanic, four samples 
used as proxies, or representatives, of ancestral populations, and two samples of modern 
American Black and White individuals used to assess applications within the field of forensic 
anthropology.  Within this chapter, the sample sizes and a description of the sample’s 
demographic information are presented.  The data collected from these samples will be used in 
all analyses in the following chapters.   
 
Description of Samples 
 The nine populations used for this research include three samples representing groups 
considered Hispanic (Study Groups), four comparative samples representing ancestral reference 
groups (Ancestral Proxy Groups), and two samples of modern American Black and White 
individuals (Forensic Anthropology Data Bank (FDB) Groups).  The geographic locations of 
each sample of the groups considered Hispanic and ancestral groups are illustrated on the map in 
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Figure 3.1.  For all samples, only the crania of adult individuals are used (20+ years).  Table 3.1 
lists all groups, collection information, time period, and sample size that were utilized for this 
research.  
 
Figure 3.1: Geographic Origin of Samples in Study. 
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  Table 3.1: Sample Information. 
Sample Collection Time Period Male (n)* Female (n)* Total  (n) 
      
Study Groups  
Mexico Pima County Office of the Medical Examiner, Tucson, AZ Recent / Modern 121 13 134 
Puerto Rico San Patricio MRI and CT Center, Guaynabo, Puerto Rico Recent / Modern 39 39 78 
Cuba Museo Antropológico Montane, University of Havana, Cuba Recent / Modern 54 41 95 
      
Ancestral Proxy Groups  
Guatemala Forensic Anthropology Foundation of Guatemala Recent / Modern 87 0 87 
Indigenous 
Caribbean 
(Cuba, Jamaica, 
Dom. Republic, 
Venezuela) 
Museo Antropológico Montane, University of Havana, Cuba 
National Museum of Natural History, Smithsonian Institution, 
Washington, D.C. 
Archaeological - - 22 
Spain Wamba Collection, Universidad Complutense Madrid, Spain Historic 58 37 95 
West Africa 
(Benin, Ghana, 
Nigeria) 
Muséum national d’Historie naturelle, Paris, France 
American Museum of Natural History, New York, NY 
Historic - - 98 
 
FDB Groups 
     
American Black Forensic Anthropology Data Bank (FDB) Recent / Modern 6 21 27 
American White Forensic Anthropology Data Bank (FDB) Recent / Modern 23 92 115 
      
Total   388 243 751 
*Groups are separated by sex for this table, if sex is known.
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Study Samples 
 The three groups considered Hispanic chosen for this research represent the three largest 
Hispanic groups found in the Unites States and include Mexican, Puerto Rican, and Cuban 
individuals (Ennis et al., 2011).   
 
Mexico 
 Craniometric data of identified Mexican individuals (n=134) were previously collected at 
the Pima County Office of the Medical Examiner (PCOME) in Tucson, Arizona.  All individuals 
died attempting to cross the United States-Mexico border, and have been positively identified as 
Mexican.  The data were collected from 2004 to 2013 by the author and committee member Dr. 
Kate Spradley at PCOME, and all died during this time or a few years prior (Spradley, 2013).   
 
Puerto Rico 
 The craniometric data of Puerto Rican individuals were collected from three-dimensional 
computed tomography (CT) images from the San Patricio MRI and CT Center in Guaynabo, 
Puerto Rico.  A total sample of 78 living individuals (males = 39, females = 39) and their 
associated CT images were used.  No personally identifying information was provided by the 
San Patricio Center, as the only demographic data supplied includes the sex, age, and year of 
birth for each individual.  Individual cranial CT images were selected to be included based on the 
individual’s age, sex, and absence of trauma or pathology to the cranium.  The images were 
taken using a Siemens MDCT (multidetector spiral CT) spiral scanner at a slice thickness of 1.0 
millimeter.  
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Cuba 
 Craniometric data of 95 Cuban individuals (54 male and 41 female) were collected from 
the Museo Antropológico Montane at the University of Havana in Havana, Cuba (by the author).  
All Cuban individuals in this collection are identified and known to have died between 1969 and 
1978.  The ages range from 28 to 105, and estimated “cultura” based on museum records include 
both “Europoide” and “Negroid”; however, the nature of the cultura estimation is unknown.  
Each individual died in Havana and was originally buried in the Colon Cemetery in Havana, 
Cuba; however, standard practice is for the family of the deceased individual to exhume the body 
two years after burial to be placed in a small box, or niche, in a mausoleum-like section of the 
cemetery.  These individuals were never relocated by the families, which allowed the city of 
Havana to donate the skeletal remains to the University of Havana due to lack of cemetery space 
(Dr. Vanessa Vázquez Sánchez, per communication).   
 
Ancestral Proxy Groups 
 Four comparative groups are included in this research to broadly represent the ancestral, 
or parental, populations that came in contact during colonization, including Native American, 
European, and African.  Using these groups as ancestral proxy groups allows for a comparison to 
the population genetics approaches taken to assess the ancestral admixture in these groups 
considered Hispanic.  Proxy groups are used to represent as closely as possible the groups from 
the respective time period.  The samples were selected based on geographic location and 
availability, as well as based on historical accounts for which geographic areas the populations 
most likely derived from before arrival into Latin America.  Additionally, other craniometric 
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variation research has utilized similar ancestral proxy groups to represent Native American, 
European, and African groups (Hughes et al., 2013). 
      
Guatemala 
 Craniometric data from contemporary Guatemalan Mayan individuals were collected by 
Dr. Kate Spradley (n=87) and were used as the comparative Native American ancestral proxy 
sample for the Mexico sample.  The crania were recovered by the Forensic Anthropology 
Foundation of Guatemala (FAFG) and is a recent forensic sample consisting of indigenous 
Mayan male individuals.  Modern Guatemalan Mayan samples have been used as Native 
American proxy ancestral groups for both genetic and craniometric research and are commonly 
referred to as a Native American sample (Hughes et al., 2013; Spradley et al., 2008). 
 
Indigenous Caribbean 
The indigenous ancestral sample from the Caribbean is represented by Native American 
crania from Cuba (n=9), Jamaica (n=2), Dominican Republic (n=3), and Venzuela (n=8), and 
this sample was used as the comparative Native American ancestral proxy sample for the Puerto 
Rico and Cuba samples.  These Caribbean samples were collected (by the author) from the 
Museo Antropológico Montane at the University of Havana in Havana, Cuba (Cuba) and at the 
Smithsonian Institution National Museum of Natural History in Washington, D.C. (Jamaica, 
Dominican Republic, and Venezuela).  The Venezuelan sample was included in the Caribbean 
sample to increase the sample size; however, all of the individuals included in this sample are 
believed to have been part of the Arawak language group, which moved into the Caribbean 
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approximately 2,500 years ago from northern South America, known today as Venezuela 
(Figueredo and Argote-Freyre, 2008; Ross, 2004). 
 
Spain 
 The Spanish sample was collected from the Wamba Collection (n=95) (58 male and 37 
female), and is used as the comparative European ancestral proxy sample for all Study Groups. 
The Spanish sample is comprised of a 16
th 
to 17
th
 century skeletal sample from the Spanish 
towns of Villanubla and Vallolid located in northwestern Spain (Ubelaker et al., 2002).  The 
Wamba Collection is located in the Departamento de Biología Animal at the Universidad 
Complutense Madrid.  The collection, which serves as the European ancestral sample, originates 
from a large secondary ossuary deposit in the Church of Santa Maria and consists of individuals 
affiliated with that church (Ubelaker et al., 2002).  The data were provided by Dr. Ann Ross at 
North Carolina State University specifically for this project. 
 
West Africa 
 The historic West African data includes individuals from Benin (n=38), Ghana (n=32), 
and Nigeria (n=28), allowing for a total of 98 crania, and is used as the comparative African 
ancestral proxy sample for all Study Groups (Kimmerle et al., 2012).  The Benin sample is 
located at the Muséum national d’Historie naturelle in Paris, France, and both the Ghana and 
Nigeria samples are located at the American Museum of Natural History in New York, New 
York.  These individuals are not identified nor is their temporal period known; however, the 
crania were recovered in the respective countries and donated to the museums in the late 1800s 
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and early 1900s.  Since the population is historic, actual sex is unknown; therefore, all crania will 
be consistently pooled for the West Africa sample.  
 
Forensic Anthropology Data Bank (FDB) Groups 
American Black and White 
 Craniometric data from adult American Black and White individuals were included in 
this research from the Forensic Anthropology Data Bank (FDB) (Jantz and Moore-Jansen, 1988).  
The FDB consists of skeletal data from identified individuals throughout the United States in 
which the data are donated by practicing forensic anthropologists to assist in establishing known 
reference samples for the respective populations.  Data from 27 American Black individuals 
were used, including 6 female and 21 male individuals.  Additionally, craniometric data from 
115 American White individuals was also used, including 23 females and 92 males.  These 
individuals died in the late 1990s to present, and are commonly used as modern reference 
samples for these populations by researchers. 
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CHAPTER FOUR: 
METHODS 
 
 To assess craniometric variation and population ancestry proportions, craniometric data 
were collected and compiled from the Mexico, Puerto Rico, and Cuba samples (Study Groups), 
as well as from the crania of the Guatemala, Indigenous Caribbean, Spanish, and West African 
individuals (Ancestral Proxy Groups) and American Black and American White individuals 
(FDB Groups).  This chapter discusses the craniometric data collection procedures and how the 
data were prepared for statistical analyses.  The among-group variation of the groups considered 
Hispanic were tested (Study Groups), followed by the variation of all study and ancestral groups 
in order to understand the general relationship among one another.  The mean ancestry 
proportion for each Study Group was calculated using the craniometric data, as well as the 
proportions of each population’s sex separately to determine the presence of sex-biased ancestry 
that may be present in the cranial morphology.  Finally, recent samples (FDB Groups) are also 
tested to illustrate variation among modern groups which can be used in forensic anthropological 
practice. 
 
Craniometric Data Collection 
Microscribe Data Collection  
 Landmark data were collected using a Microscribe® digitizer through the use of the 
computer program ThreeSkull (Ousley 2004) for all samples, except for the craniometric data 
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collected from Puerto Rico.  The ThreeSkull program (Ousley 2004) is used in collaboration 
with the Microscribe® digitizer to calculate the linear measurements from the collected 
landmark data on the cranium.  Some of the FDB data may have been collected using the 
traditional methods of sliding and spreading calipers by researchers to collect the same data.  The 
two methods of data collection have been shown to be comparable and accurate (McKeown and 
Jantz, 2005).  The 26 measurements collected quantify the size and shape of the cranium through 
a series of standard linear measurements used in biological anthropology (Buikstra and Ubelaker 
1994; McKeown and Jantz 2005; Moore-Jansen et al. 1994).  Depending on the frequency of 
missing values and a stepwise selection procedure, not all measurements may be used in the final 
analysis (the stepwise selection procedure is further discussed in Methods).  A list of all 
measurements collected and the associated abbreviations are shown in Table 4.1.  The cranial 
measurements and associated landmarks are defined in Appendix A (Howells, 1973; Moore-
Jansen et al., 1994; Woo and Morant, 1934). 
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Table 4.1: List of Standard Cranial Measurements.* 
 Measurement Abbreviation 
1 Maximum Cranial Length  GOL 
2 Maximum Cranial Breadth XCB 
3 Bizygomatic Breadth ZYB 
4 Basion-Bregma BBH 
5 Cranial Base Length BNL 
6 Basion-Prosthion Length BPL 
7 Maxillo-Alveolar Breadth MAB 
8 Maxillo-Alveolar Length MAL 
9 Biauricular Breadth AUB 
10 Upper Facial Height UFHT 
11 Minimum Frontal Breadth WFB 
12 Upper Facial Breadth UFBR 
13 Nasal Height NLH 
14 Nasal Breadth NLB 
15 Orbital Breadth  OBB 
16 Orbital Height OBH 
17 Biorbital Breadth EKB 
18 Interorbital Breadth DKB 
19 Frontal Chord FRC 
20 Parietal Chord PAC 
21 Occipital Chord OCC 
22 Foramen Magnum Length FOL 
23 Foramen Magnum Breadth FOB 
24 Biasterion Breadth ASB 
25 Zygomaxillary Breadth ZMB 
26 Midorbital Width MOW 
*Listed and described in Moore-Jansen et al. (1994) 
 
3D-CT Data Collection 
 CT scans, taken of skeletal remains with and without soft tissue, have previously been 
used as a source for craniometric data (Ahmed et al. 2011; Rooppakhun et al. 2008) and are 
accepted as an accurate representation of the cranium with negligible measurement error (Ali et 
al., 2014; Guyomarc’h et al., 2012; Richtsmeier et al., 1995).  The measurements collected from 
CT scans are comparable to craniometric data collected directly from the cranium (Citardi et al., 
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2001; Haaga et al., 1985; Hildebolt et al., 1990; Jantz, 2008; Lopes et al., 2008; Lou et al., 2007; 
Williams and Richtsmeier, 2003).   
 A pilot study was conducted prior to data collection to determine the accuracy and 
reliability of craniometric measurements obtained from 3D-CT images.  This study was 
presented at the 2014 American Academy of Forensic Sciences meeting (Ali et al., 2014), and 
showed that only a 0.6% mean difference was found between dry bone measurements and 
measurements collected from the same cranial and postcranial elements on 3D-CT images taken 
with tissue present.  These results confirm the accuracy of the use of 3D-CT images for skeletal 
metric data collection.  
 The Puerto Rican craniometric data were collected for this dissertation from DICOM 
(Digital Imaging and Communications in Medicine) data produced by a Siemens Multidetector 
Spiral CT (MDCT) Scanner at a slice thickness of 1.0 millimeter.  The DICOM images were 
reconstructed through a volume rendering process in Vitrea® 2 Imaging Software (Vital Images, 
Inc.).  The fusion of slices through volume rendering allowed for the standard cranial 
measurements to be collected with the ruler tool from a 3D model in the viewing window of 
Vitrea® 2.  All crania (39 male and 39 female) were measured twice at different times by the 
author, and each measurement value was compared.  If any measurement was more than 2 mm 
different, that specific measurement was collected for a third time to account for an intraobserver 
error.   
 
Data Preparation 
After the traditional linear measurement data (Table 4.1) were collected from each 
individual, either through the use of a Microscribe® digitizer, calipers, or from 3D-CT scans, the 
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craniometric data were first evaluated with descriptive statistics.  All data organization and 
analysis preparation was conducted in SYSTAT® 13.1 (SYSTAT Software, 2009).  Outliers 
were identified through an assessment of the mean and range of each variable, as well as by 
using stem-and-leaf plots, and were subsequently removed from the data set.  Following this 
process, the data were assessed to determine if any measurements should be removed due to 
missing values, either from the deletion of outliers or the inability to collect the measurement 
from a cranium typically because of postmortem damage.  Five linear measurements were 
removed from all individuals due to a large proportion of missing data, including basion-
prosthion length (BPL), maxillo-alveolar breadth (MAB), maxillo-alveolar length (MAL), upper 
facial height (UFHT), and mid-orbital width (MOW).  After the removal of these measurements, 
twenty linear measurements remain for statistical analyses.  Data normality was assessed and 
confirmed for all twenty measurements using probability distribution plots.  
 The majority of multivariate statistical analyses for this research require a complete 
dataset for each individual.  While five measurements were completely removed due to a large 
proportion of missing data across all populations, some values were still missing throughout the 
dataset.  Little’s Missing Completely at Random (MCAR) Test was conducted to confirm that 
each population’s missing values were missing completely at random, which is an assumption 
prior to any imputation of missing values.  Following this test, a Missing Value Analysis was 
conducted using single imputation through an Expectation-Maximization (E-M) Algorithm, 
which preserves the relationship of the new value with all other values (Peng 2003).  The 
Missing Value Analysis was run on each population and sex separately, such as Mexican females 
and Mexican males separately, resulting in a complete dataset.   
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Population Variation 
The multivariate statistical analyses assessing population variation were conducted in 
SPSS 21 (IBM®, 2012), SAS 9.3 (SAS Software, 2013), and SYSTAT 13.1 (SYSTAT® 
Software Inc., 2009).  The data were run through a stepwise selection procedure to determine 
which measurements are most significant when assessing variation and create the best subset of 
variables to use in the “model” (Cody and Smith, 2006).  However, the analysis implied that all 
included measurements significantly contributed to the variation among the populations, so no 
additional measurements were removed during the following analyses.   
To assess overall population craniometric variation, the males and females of each 
population were pooled to increase the sample size for each population.  To account for effects 
of size which may mask any shape variation among the samples, either due to population 
variation inclusive of sexual dimorphism, shape variables were calculated for all seven reference 
samples (Darroch and Mosimann, 1985; Rosas and Bastir, 2002).  For this research, “size” is 
defined as the geometric mean (GM); therefore, size is the product of all variables divided by the 
number of variables.  Then, each raw cranial value will be divided by the GM of the associated 
individual to create a shape value.  Therefore, each shape variable is a measure of the size of a 
particular region relative to the overall size of the cranium (Darroch and Mosimann, 1985; 
Roseman and Weaver, 2004).  This method allows for an indication of “geometric similarity” 
among the populations being examined, based on each individuals shape variables (Roseman and 
Weaver, 2004).  The shape variables produced were used for all further analyses.  An ANOVA 
was then completed to test whether size (GM) is significantly different among the groups. 
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Variation in Study Groups 
Squared Mahalanobis distances (D
2
) and canonical discriminant analyses were first 
performed to compare differences among the Mexico, Puerto Rico, and Cuba samples using the 
shape variables created from the twenty craniometric measurements.  The results associated with 
these analyses will first determine if variation is present among these groups.  Mahalanobis D
2
 
results provide the Euclidean distance among populations and allow for the interpretation of the 
similarities among the groups.  The canonical discriminant analysis produces the canonical 
correlation, canonical structure, and canonical coefficients.  A canonical variates plot was 
produced from the three populations as a visualization tool to illustrate the multivariate 
partitioning among the populations.  The canonical variates plot uses discriminant function 
analysis to maximize the differences among all groups (Ross et al., 2002).  The output of this 
analysis consists of the first canonical component, which has the highest correlation with the 
groups, followed by multiple other components.  These canonical components are paired with 
eigenvalues that indicate the percentage of total variation that is provided by each component.  
The class means of the canonical variables, based on the produced shape variables, were plotted 
for each group and the between canonical structure was used to interpret the variation illustrated 
within the plot. 
Unsupervised (blind) k-means clustering analyses were performed in SYSTAT 13.1 on 
the craniometric data excluding information of group assignment.  K-means clustering is an 
objective approach for maximizing the separation of data objects (in this case, individual cases) 
into clusters, or k groups (Wagstaff et al., 2001).  When the clustering is performed as an 
unsupervised analysis, no prior knowledge or hypothesized outcomes are able to influence the 
results, yet the analysis still displays how each population is interacting with each other 
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(Wagstaff et al., 2001).  The k-means clustering analysis demonstrates how best the populations 
will sort in a certain number (k) of groups, by creating clusters that start with a randomly selected 
starting seed, or case, to begin the clusters.  All cases are included in the first single cluster.  The 
case farthest from the center of the first cluster then becomes the seed of the second cluster.  
Each case is then reassigned to either cluster based on the Euclidean distances.  This procedure is 
repeated for each additional cluster.  An expectation-maximization algorithm assists in case 
assignment and cluster characterizations, with each case’s probability of membership to each 
cluster being based on the proximity to each cluster’s mean (Hughes et al., 2013).   
The first set of k-means cluster analyses were run, which included all craniometric shape 
variables, with the objective of minimizing the within-group sum of squares while maximizing 
the between-group sum of squares.  Standard k-means clustering analyses are performed using 
the Euclidean distance option of 50 iterations (Wagstaff et al., 2001).  The k-means cluster 
analysis used to illustrate clustering among the three study samples was run selecting both k=2 
and k=3 clusters.  The results of the k-means cluster analysis demonstrate trends in the data 
(cranial measurements) focusing on the individual cases uninfluenced by their associated 
population.   
 
Variation in Study Groups and Ancestral Proxy Groups 
After demonstrating inter-population variation among the Study Groups, squared 
Mahalanobis distances (D
2
) and canonical discriminant analyses were also performed to compare 
significant differences among the Study Groups and Ancestral Proxy Groups using the shape 
variables created from the twenty craniometric measurements.  A canonical variates plot was 
produced from the seven groups as a visualization tool to illustrate the multivariate partitioning 
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among the three Study Groups in relation to the three Ancestral Proxy Groups.  Similar squared 
Mahalanobis distance (D
2
) and canonical discriminant analyses were run on all study and 
Ancestral Proxy Groups, excluding West African, to assess the variation among the other 
samples without the influence of the West Africa sample. 
The second k-means cluster analysis, again using all twenty craniometric shape variables, 
assessed the cluster relationships of all individuals in the three Study Groups, as well as the four 
Ancestral Proxy Groups.  The individuals from all seven samples were included, assessing 
cluster assignment of each case when selecting k=2, k=3, k=4, k=5, k=6, and k=7 clusters.   
 
Ancestry Proportions 
To mimic the methods used in the genetic studies that provide ancestry proportions, with 
the total estimated percentage of belonging to each ancestry equaling 100% (Bonilla et al., 2005; 
Rubi-Castellanos et al., 2007), a normal mixtures analysis was performed in JMP® 7.0.1 (SAS 
Institute, 2007) to estimate admixture using the calculated craniometric shape variables (based 
on the geometric mean).  As opposed to the unsupervised k-means cluster analysis, which is 
conducted with the assumption that each case solely belongs to the one group it clusters with, the 
normal mixtures analysis acknowledges that each individual can belong to multiple groups 
(Algee-Hewitt, 2011).  Using the covariance structure information through a Broyden-Fletcher-
Goldfarb-Shanno (BFGS) Quasi-Newton algorithm, normal mixtures analysis allows all sampled 
individuals to be a mixture of varying proportions of the k groups that sum to 1, resulting in a 
probability of membership for each individual into each cluster.  The resulting information 
makes normal mixtures analysis ideal for assessing admixture variation within human 
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populations, as well as human population variation in general (Algee-Hewitt, 2011; Konigsberg 
et al., 2009).   
For all normal mixture cluster analyses, only 10 craniometric variables were used to 
allow for adequate sample sizes and to not over fit the data in the analysis (Hughes et al., 2013).  
Each was selected based on their significance and F value in a stepwise selection procedure 
performed in SAS 9.3 (SAS Software, 2013).  The 10 variables used include AUB, ZYB, OBB, 
GOL, BBH, EKB, OBH, WFB, NLH, and NLB (listed from largest to smallest F Value).  
Three ancestral proxy samples were assigned as the three centers (k = 3) for all of the 
normal mixtures analyses.  The Spain (European) and West Africa (African) samples were used 
for all analyses, while the Guatemalan Mayan sample was used as the Native American sample 
for the Mexico analysis and the Indigenous Caribbean sample was used for both the Puerto Rico 
and Cuba analyses.  With predefined and unchanging starter seeds, the estimates of the algorithm 
will result in more stable estimates.  Separately, the three study samples were run through the 
analysis which allowed those individuals to cluster among the three ancestral starting seeds.  The 
resulting cluster assignment probabilities, including the average probability of Native American, 
European, and African cluster membership, were calculated for each Study Group individual and 
the mean was calculated for each Study Group as a whole.  The resulting average proportions 
were compared among the three Study Groups.  T-tests and Bonforonni Post-hoc tests were 
performed to test for significant differences among the mean ancestry proportions of each Study 
Group. 
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Sex-biased Ancestry Proportions 
 The male and female individuals in the three Study Groups, having been pooled to 
conduct the general ancestry proportion estimates, and then were separated to assess varying 
genetic ancestry among males and females to compare to the resulting proportions in the 
discussed genetic studies using mtDNA and Y-chromosome analyses.  A canonical discriminant 
analysis and canonical variates plot were employed using all twenty shape variables previously 
calculated to maximize the group differences and illustrate sex and population relationships.  An 
ANOVA was also used to determine if size is significantly different among all males and then all 
females.   
The normal mixtures analyses will, again, use the same 10 variables as previously used 
and estimate the probability of each individual considered Hispanic being assigned to each 
Ancestral Proxy Group, but each sex of each Study Group will be run separately to see if 
removing the opposite sex will influence the clustering of the individuals.  The probability of 
Native American, European and African cluster membership was calculated for each individual, 
and the resulting average proportions for each sample group by sex were compared.  T-tests and 
Bonforonni Post-hoc tests were performed to test for significant differences among the mean 
ancestry proportions of each sex within each Study Group. 
 
Variation among Recent Forensic Populations 
The previous analyses utilize craniometric data from four parental groups serving as 
“proxies” to the groups who came in contact during colonialism in Latin America.  For the 
following analyses, the two samples from the FDB were included in squared Mahalanobis 
distance (D
2
) and canonical discriminant analyses with the seven samples originally used in this 
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research, including Mexico, Puerto Rico, Cuba, Guatemala, Indigenous Caribbean, Spanish, and 
West African.   
Three of the Ancestral Proxy Groups (Indigenous Caribbean, Spain, and West Africa) 
were then removed from the analyses, and new squared Mahalanobis distance (D
2
) and canonical 
discriminant analysis were performed, leaving Mexico, Guatemala, Puerto Rico, and Cuba as 
groups considered Hispanic, and the FDB American Black and White as additional recent 
reference samples in the United States.  Guatemala was included in these analyses to represent an 
additional common group considered Hispanic found in the United States.  The same variables 
were run in both analyses, and the same variables were used to represent the variation in the 
canonical variates plot. 
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CHAPTER FIVE: 
RESULTS 
  
 This chapter provides the results of the three objectives of this research.  The first 
objective is to determine the mean ancestry proportions of the Mexican, Puerto Rican, and Cuban 
samples to compare to published genetic ancestry proportions by using ancestral proxy samples, 
including Native American (Guatemalan and Indigenous Caribbean), European (Spanish), and 
African samples.  The second objective is to test for sex-biased asymmetry in the ancestry 
proportions among the Mexican, Puerto Rican, and Cuban samples.  Lastly, the third objective is 
to test the inter-population variation among recent forensic populations within the United States 
to apply to forensic anthropological practice.     
 
Population Variation 
 An ANOVA was used to test whether the mean size, or geometric mean, of each 
population was significantly different when comparing inter-population variation.  The results 
indicate that size is significantly different among the groups (p < .0001).   
 
Variation in Study Groups 
The results of the Mahalanobis distance (D
2
) demonstrates that the samples are 
significantly different from each other (p<.0001).  The Puerto Rico and Cuba samples are the 
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most similar (D
2
=4.977), followed by the Mexico and Cuba samples (D
2
=5.873), and finally the 
Mexico and Puerto Rico samples (D
2
=7.17).  The results of this D
2
 analysis are presented in 
Table 5.1. 
 
Table 5.1. D
2
 Distances for Study Samples.* 
Sample Mexico 
Puerto 
Rico 
Cuba 
Mexico 0   
Puerto Rico 7.16679 0  
Cuba 5.87258 4.97736 0 
*All distances are significantly different with a p value of <0.0001. 
 
The results of the canonical discriminant function provide a canonical correlation for the 
first and second canonical variate, with 0.654 and 0.346 respectively, representing 100% of the 
variation present in the craniometric variables used for the analysis.  This among-group variation 
is illustrated in the canonical variates plot in Figure 5.1, demonstrating the general relationship of 
the three study samples to each other.  The total canonical structure was used to interpret the 
results of the canonical variates plot, suggesting that the Mexican sample has a larger 
bizygomatic breadth (ZYB) and biauricular breadth (AUB) compared to the Puerto Rican and 
Cuban samples (represented on CAN 1).  On the other hand, Cuba has the largest biorbital 
breadth (EKB), followed by Mexico, and lastly Puerto Rico (represented on CAN 2).  The results 
of the total canonical structure are shown in Table 5.2, and associated information for each axes 
are presented in Table 5.3, including canonical correlations, eigenvalues, proportions, 
approximate F values, degrees of freedom (df), and Pr>F values. 
 
 
53 
 
   
Figure 5.1. CAN 1 and CAN 2 Representing 100% of the Variation among the Study Samples. 
 
 
Table 5.2. Total Canonical Structure for Study Samples.* 
Variable CAN 1 CAN 2 
GOLS 0.63556 0.22465 
XCBS -0.2342 0.01322 
ZYBS -0.8008 -0.07149 
BBHS -0.0115 -0.44717 
BNLS 0.17641 -0.18021 
AUBS -0.6918 -0.0051 
WFBS 0.22842 0.27909 
NLHS -0.1308 0.1515 
NLBS -0.2133 0.23198 
OBBS 0.51992 -0.27915 
OBHS 0.02277 -0.09849 
EKBS -0.0034 0.47038 
DKBS -0.2621 0.30006 
FRCS 0.30391 0.02621 
PACS 0.54251 -0.05986 
OCCS 0.11527 -0.24385 
FOLS 0.16162 -0.04695 
FOBS 0.19177 -0.28613 
ASBS 0.13133 -0.30293 
ZMBS -0.5724 0.13261 
*Significant variables for CAN 1 and CAN 2 axes are in bold. 
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Table 5.3. Information on Canonical Axes for Study Samples. 
 CAN 1 CAN 2 
Canonical Correlation 0.753 0.639 
Eigenvalue 1.307 0.692 
Proportion 0.654 0.346 
Approx. F 13.9 10.42 
df 40 19 
Pr>F <.0001 <.0001 
 
 
 The results of the k-means clustering analyses utilizing the three study samples 
demonstrate that the clustering of all cases in all assigned number (k) of clusters display 
statistically significant trends.  The Pearson Chi-Square tests indicate that all cluster analyses (k 
= 2 and k = 3) are statistically significant with a p value of < .0001, and suggest that the clusters 
created when k = 3 are the most significant, as they has the highest value chi-square value (Table 
5.4).  Analyses were also run with k = 4 and k = 5 to confirm that the Chi-Square value drops, 
and no trends are seen in the individual count results.  These results are expected to occur when 
more clusters are assigned than populations are present, demonstrating that each case is still 
required to be assigned to a cluster, but the assignment is forced beyond biological variation.  
The resulting case counts of each of the cluster analyses (k = 2 and k = 3), by population for the 
study samples, are shown in Tables 5.5 and 5.6.  The counts of individuals by population that 
make up the majority of each cluster are in bold to demonstrate trends.   
  
 
Table 5.4. Pearson Chi-Square Results for K-means Clustering Analyses  
of the Study Samples. 
 Pearson Chi-Square p Value 
k = 2 68.462 <.0001 
k = 3 130.269 <.0001 
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Table 5.5. K-means Cluster Counts of Study Samples when k = 2. 
 Cluster  
Sample 1 2 TOTAL 
Mexico 35 99 134 
Puerto Rico 60 18 78 
Cuba 67 28 95 
TOTAL 162 145 587 
 
 
 
Table 5.6. K-means Cluster Counts of Study Samples when k = 3. 
 Cluster  
Sample 1 2 3 TOTAL 
Mexico 22 86 26 134 
Puerto Rico 51 10 17 78 
Cuba 33 7 55 95 
TOTAL 106 103 98 587 
  
 
 While k = 3 is the most significant cluster result, according to the Pearson Chi-Square 
test, both results show significant trends.  When k = 2, Puerto Rico and Cuba make up the 
majority of Cluster 1 at 78.4%, while Mexico makes up the majority of Cluster 2 at 68.3%.  
These results illustrate geographic trends with Caribbean versus Mexico origins.  On the other 
hand, when k = 3, each of the three groups make up the majority of one of the three clusters, with 
Cluster 1 being 48.1% Puerto Rican individuals, Cluster 2 being 83.5% Mexican individuals, and 
Cluster 3 being 56.1% Cuban individuals.   
 
Variation in Study Groups and Ancestral Proxy Groups 
The results of the squared Mahalanobis distance (D
2
) analysis suggest that all samples are 
significantly different from each other with a p value of <.0001.  The Mexico and Guatemala 
samples are the most similar (D
2
=2.632), with the smallest distance among them reflected by the 
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smallest value.  The results also imply that the next two closet populations are the Mexico and 
Caribbean Indigenous samples (D
2
=4.925), followed by the Puerto Rico and Cuba samples 
(D
2
=5.139), followed by the Guatemala and Indigenous Caribbean samples (D
2
=5.363).  The 
results of the D
2
 analysis are presented in Table 5.7.     
 
 
Table 5.7. D
2
 Distances for Study and Ancestral Proxy Samples.* 
Sample Mexico 
Puerto 
Rico 
Cuba Spain 
West 
Africa 
Guat. Carib. 
Mexico 0       
Puerto Rico 7.30129 0      
Cuba 5.55109 5.13901 0     
Spain 8.26607 10.71037 5.55164 0    
West Africa 16.48876 17.53888 14.69787 14.06059 0   
Guatemala 2.63233 12.72524 9.58551 12.58974 17.30663 0  
Caribbean 4.92457 18.37391 11.33032 10.07547 18.57968 5.36307 0 
*All distances are significantly different with a p value of <0.0001. 
 
 
The results of the canonical discriminant function provide a canonical correlation for the 
first and second canonical variate, with 0.809 and 0.746 respectively.  The first canonical variate 
represents 42.5% of the variation, while the second canonical variate represents 28.3% of the 
variation, forming a total of 70.8% of the variation.  This among-group variation is illustrated in 
the canonical variates plot in Figure 5.2, demonstrating the general relationship of the seven 
groups to each other.  The total canonical structure was used to interpret the results of the 
canonical variates plot, suggesting that the West African sample has a smaller biauricular breadth 
(AUB) and shorter nasal height (NLH) compared to all other samples (represented on CAN 1).  
On the other hand, the Guatemalan, Indigenous Caribbean, Mexican, and West African samples 
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have a shorter maximum cranial length (GOL) and larger bizygomatic breadth (ZYB) compared 
to the samples representing Spain, Puerto Rico, and Cuba (represented on CAN 2).  The results 
of the total canonical structure are shown in Table 5.8, and associated information for each axis 
is presented in Table 5.9, including canonical correlations, eigenvalues, proportions, approximate 
F values, degrees of freedom, and Pr>F values. 
 
 
   
Figure 5.2. CAN 1 and CAN 2 Representing 70.8% of the Variation among the Study 
and Ancestral Proxy Samples 
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Table 5.8. Total Canonical Structure for Study and Ancestral Proxy Samples.* 
Variable CAN 1 CAN 2 
GOLS -0.3293 0.585782 
XCBS 0.431814 0.16008 
ZYBS 0.193434 -0.73741 
BBHS 0.010544 0.060947 
BNLS -0.11232 0.12477 
AUBS 0.811975 -0.24587 
WFBS -0.16969 0.297449 
NLHS 0.635733 0.072727 
NLBS -0.53571 -0.39095 
OBBS -0.06534 0.26757 
OBHS 0.302744 -0.21666 
EKBS -0.37618 -0.32024 
DKBS -0.43695 -0.2279 
FRCS -0.0554 0.423531 
PACS -0.27447 0.289635 
OCCS 0.108148 0.110441 
FOLS -0.08867 0.1897 
FOBS 0.189052 0.265626 
ASBS 0.512856 0.274455 
ZMBS -0.20118 -0.59076 
*Significant variables for CAN 1 and CAN 2 axes are in bold. 
 
 
 
 
 
Table 5.9. Information on Canonical Axes for the Study and Ancestral Proxy Samples. 
 CAN 1 CAN 2 
Canonical Correlation 0.809 0.746 
Eigenvalue 1.888 1.255 
Proportion 0.425 0.283 
Approx. F 18.42 13.86 
df 120 95 
Pr>F <.0001 <.0001 
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An additional squared Mahalanobis distance (D
2
) and canonical discriminant analyses 
were performed to illustrate the variation among the study and Ancestral Proxy Groups, while 
excluding the West African sample.  As illustrated in Figure 5.2, the West African sample is 
clearly separated from all other samples.  All D
2
 values among each population remain 
statistically significant with a p value of <.0001.  Similar to the previous D
2
 results, Mexico and 
Guatemala are the most similar (D
2
=2.724), with the smallest distance among the two 
populations, followed by the Mexico and Indigenous Caribbean samples (D
2
=4.834).  The results 
of this D
2
 analysis are presented in Table 5.10.     
  
 
Table 5.10. D
2
 Distances for Study and Ancestral Proxy Samples,  
excluding West Africa*. 
Sample Mexico Puerto Rico Cuba Spain Guatemala Caribbean 
Mexico 0      
Puerto Rico 7.10049 0     
Cuba 5.6369 4.98677 0    
Spain 8.54874 10.643 5.57975 0   
Guatemala 2.72351 12.4363 9.80991 12.9863 0  
Caribbean 4.83435 17.6541 11.0328 10.2456 5.47796 0 
         *All distances are significantly different with a p value of <0.0001. 
    
 
The results of the canonical discriminant function using the six samples provide a 
canonical correlation for the first and second canonical variate, with 0.500 and 0.309 
respectively.  The first canonical variate represents 50.0% of the variation, while the second 
canonical variate represents 30.9% of the variation, forming a total of 80.9% of the variation.  
This among-group variation is illustrated in the canonical variates plot in Figure 5.3, 
demonstrating the general relationship of the six groups to each other.   
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The total canonical structure was used to interpret the results of the canonical variates 
plot, which suggests that the Mexico, Guatemala, and Indigenous Caribbean samples have a 
shorter maximum cranial length (GOL) and larger bizygomatic breadth (ZYB), than Puerto Rico, 
Cuba, and Spain (represented on CAN 1).  However, Puerto Rico has the largest orbital breadth 
(OBB) but smallest interorbital breadth (DKB), while the Indigenous Caribbean and Spain 
samples have the smallest orbital breadth and largest interorbital breadth (represented on CAN 
2).  The results of the total canonical structure are shown in Table 5.11, and associated 
information for each axes are presented in Table 5.12, including canonical correlations, 
eigenvalues, proportions, approximate F values, degrees of freedom, and Pr>F values. 
 
 
   
Figure 5.3. CAN 1 and CAN 2 Representing 80.9% of the Variation among the Study 
and Ancestral Proxy Samples, excluding West Africa. 
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Table 5.11. Total Canonical Structure for the Study and Ancestral Proxy Samples, 
excluding West Africa.* 
Variable CAN 1 CAN 2 
GOLS 0.68454 0.02169 
XCBS 0.04488 -0.35139 
ZYBS -0.73686 -0.30254 
BBHS -0.00212 0.4179 
BNLS 0.1121 0.41001 
AUBS -0.6325 -0.10118 
WFBS 0.40913 -0.35698 
NLHS -0.19617 0.10275 
NLBS -0.18332 -0.23038 
OBBS 0.20166 0.65915 
OBHS -0.3678 0.3359 
EKBS -0.18235 -0.06631 
DKBS 0.00252 -0.53676 
FRCS 0.39832 0.25013 
PACS 0.39049 0.05336 
OCCS 0.02011 0.36619 
FOLS 0.22417 0.01162 
FOBS 0.19213 0.04275 
ASBS 0.05615 0.26897 
ZMBS -0.47574 -0.34202 
*Significant variables for CAN 1 and CAN 2 axes are in bold. 
 
 
 
 
 
Table 5.12. Information on Canonical Axes for the Study and Ancestral Proxy Samples, 
excluding West Africa. 
 CAN 1 CAN 2 
Canonical Correlation 0.784 0.705 
Eigenvalue 1.598 0.988 
Proportion 0.450 0.309 
Approx. F 13.45 9.3 
df 100 76 
Pr>F <.0001 <.0001 
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 The results of the k-means clustering analyses using individuals from all seven samples 
demonstrate that the clustering of all cases in all assigned number (k) of clusters were 
statistically significant based on a Pearson Chi-Square Test (p<.0001), as illustrated in Table 
5.13.  The Pearson Chi-Square value indicates that the clusters created when k = 5 are the most 
significant, as it has the highest value.  K-means cluster analyses were also run with k = 8 and k 
= 9, and although the resulting clusters were both significant at p<.0001, the Pearson Chi-Square 
values began to decease and no trends were found within the cluster counts.  The resulting case 
counts of each of the cluster analyses (k = 2 through k = 7), by group, are shown in Tables 5.14-
5.19.  The counts of individuals by group that make up the majority of each cluster are in bold to 
demonstrate trends. 
 
 
 
 
Table 5.13. Pearson Chi-Square Results for K-means Clustering Analyses  
of the Study and Ancestral Proxy Samples. 
 Pearson Chi-Square p Value 
k = 2 130.645 <.0001 
k = 3 422.544 <.0001 
k = 4 624.679 <.0001 
k = 5 692.892 <.0001 
k = 6 689.41 <.0001 
k = 7 652.19 <.0001 
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Table 5.14. K-means Cluster Counts of Study and Ancestral Proxy Samples when k = 2. 
 Cluster  
Sample 1 2 TOTAL 
Mexico 35 99 134 
Puerto Rico 62 16 78 
Cuba 72 23 95 
Spain 61 34 95 
West Africa 65 33 98 
Guatemala 23 64 87 
Ind. Caribbean 3 19 22 
TOTAL 321 288 609 
 
 
 
Table 5.15. K-means Cluster Counts of Study and Ancestral Proxy Samples when k = 3. 
 Cluster  
Sample 1 2 3 TOTAL 
Mexico 7 93 34 134 
Puerto Rico 4 14 60 78 
Cuba 23 15 57 95 
Spain 20 25 50 95 
West Africa 86 5 7 98 
Guatemala 10 63 14 87 
Ind. Caribbean 3 19 0 22 
TOTAL 153 234 222 609 
 
 
Table 5.16. K-means Cluster Counts of Study and Ancestral Proxy Samples when k = 4. 
 Cluster  
Sample 1 2 3 4 TOTAL 
Mexico 4 69 24 37 134 
Puerto Rico 1 5 51 21 78 
Cuba 9 4 35 47 95 
Spain 5 3 18 69 95 
West Africa 83 4 6 5 98 
Guatemala 7 50 11 19 87 
Ind. Caribbean 2 18 0 2 22 
TOTAL 111 153 145 200 609 
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Table 5.17. K-means Cluster Counts of Study and Ancestral Proxy Samples when k = 5. 
 Cluster  
Sample 1 2 3 4 5 TOTAL 
Mexico 4 43 16 15 56 134 
Puerto Rico 1 4 46 13 14 78 
Cuba 9 4 36 31 15 95 
Spain 3 3 19 63 7 95 
West Africa 82 3 5 6 2 98 
Guatemala 6 43 10 9 19 87 
Ind. Caribbean 2 17 0 2 1 22 
TOTAL 107 117 132 139 114 609 
 
 
Table 5.18. K-means Cluster Counts of Study and Ancestral Proxy Samples when k = 6. 
 Cluster  
Sample 1 2 3 4 5 6 TOTAL 
Mexico 4 38 9 5 52 26 134 
Puerto Rico 1 3 43 10 9 12 78 
Cuba 8 2 32 31 14 8 95 
Spain 1 3 16 54 3 18 95 
West Africa 73 3 7 10 4 1 98 
Guatemala 4 39 4 8 15 17 87 
Ind. Caribbean 0 14 0 3 1 4 22 
TOTAL 91 102 111 121 98 86 609 
 
 
Table 5.19. K K-means Cluster Counts of Study and Ancestral Proxy Samples when k = 7. 
 Cluster  
Sample 1 2 3 4 5 6 7 TOTAL 
Mexico 4 30 8 6 42 24 20 134 
Puerto Rico 1 3 39 11 12 10 2 78 
Cuba 8 1 29 30 15 7 5 95 
Spain 1 3 15 50 2 19 5 95 
West Africa 70 2 5 10 2 1 8 98 
Guatemala 4 27 4 5 8 15 24 87 
Ind. Caribbean 0 10 0 3 0 2 7 22 
TOTAL 88 76 100 115 81 78 71 609 
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 The Pearson Chi-Square test indicates that the clustering results created when k = 5 is the 
most significant.  When k = 5, almost all of the seven groups show a majority in at least one 
cluster, with West African individuals making up 76.6% of Cluster 1, Mexico and both Native 
American samples (Guatemala and Indigenous Caribbean) making up 88.0% of Cluster 2, Puerto 
Rico and Cuba making up 62.1% of Cluster 3, Spain making up 45.3% of Cluster 4, and Mexico 
making up 49.1% of Cluster 5.  Interestingly, Mexico is almost evenly split between Clusters 2 
and 5, with Cluster 2 being shared with Guatemala and Indigenous Caribbean.  This trend is 
consistent in k = 5 through 7, where Mexico individuals are split between two clusters, with one 
being shared with Guatemala and Indigenous Caribbean.  However, in k = 2 through 4, Mexico 
only makes up the majority of one cluster, yet it is combined in the same cluster as Guatemala 
and Indigenous Caribbean in all three analyses.   
 The individuals in each population that cluster most heavily when k = 3 are consistent 
with the results of the canonical discriminant function analysis and canonical variates plot 
(Figure 5.3), showing a pattern of three distinct clusters.  The West Africa population clusters 
alone separately, Puerto Rico, Cuba, and Spain cluster together, and Mexico, Guatemala, and 
Indigenous Caribbean cluster together. 
 
Ancestry Proportions 
 The results of the normal mixtures analyses offer a more comprehensive assessment of 
the relationship of each study sample to the three associated ancestral proxy samples.  By 
utilizing the ancestral proxy samples as starting seeds to represent the historical populations that 
came in contact during colonization, variation can be assessed with the resulting proportions 
created through the analyses.  For these analyses, Guatemala is used as the ancestral proxy 
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sample for Mexico, and Indigenous Caribbean is used as the ancestral proxy sample for Puerto 
Rico and Cuba.  The probabilities for all individuals in each population were averaged and the 
resulting estimates of ancestry proportions are presented in Table 5.20.    
 
 
       Table 5.20. Mean Proportion of Ancestral Membership by Group. 
  Mean Probabilities of Cluster Membership (%) 
Sample  (n) Native American* European African 
Mexico 134 72.90 23.35 3.75 
Puerto Rico 78 6.34 81.34 12.32 
Cuba 95 7.98 73.60 18.40 
        *The Guatemalan Mayan sample is the Native American proxy sample for the Mexico analyses, whereas    
          Indigenous Caribbean was used as the Native American proxy sample for Puerto Rico and Cuba. 
 
 
 All ancestry proportions within each of the three groups are statistically significantly 
different from each other (p<.0005), with the exception of Puerto Rico’s Native American and 
African mean ancestry proportions (p=0.315) and Cuba’s Native American and African mean 
ancestry proportions (p=0.050).  Table 5.20 illustrates that Mexico has the highest proportion of 
Native American (as represented by Guatemalan Mayan) ancestry (72.90%), followed by 
European ancestry (23.35%), and only a small proportion of African ancestry (3.75%).  On the 
other hand, Puerto Rico and Cuba show similar trends.  Puerto Rico has the highest proportion of 
European ancestry (81.34%), followed by African (12.32%) and Native American (as 
represented by Indigenous Caribbean) (6.34%) ancestry.  Cuba also has higher European 
ancestry (73.60%), followed by African (18.40%) and Native American (Indigenous Caribbean) 
(7.98%) ancestry.  While both Puerto Rico and Cuba’s Native American (Indigenous Caribbean) 
ancestry proportions remain low, similar to Mexico’s African ancestry, Puerto Rico has a higher 
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European ancestry proportion (by 7.74%), while Cuba has a higher African ancestry proportion 
(by 6.08%).  The results mirror the results previously reported by genetic studies, which will be 
further discussed in Chapter Six. 
 
Sex-biased Ancestry Proportions 
 The ANOVA results, when run on all populations but with the study samples separated 
by sex, indicates that the calculated Size (or geometric mean) of each sample is significantly 
different from each other (P < .0001).   
 The same samples were assessed through a canonical discriminant analysis using the 
twenty shape variables used for the previous analysis when the sexes were pooled.  These results 
are shown in Figure 5.4, which demonstrates very similar trends found in Figure 5.1, showing 
the relationship with the three study sample’s sexes pooled.   CAN 1 and CAN 2 of Figure 5.6 
illustrate 65.6% of the population with biauricular breadth (AUB), nasal height (NLH), and 
maximum cranial length (GOL) contributing to the most variation. 
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Figure 5.4. CAN 1 and CAN 2 Representing 65.6% of the Variation among the 10 Samples. 
 
  
 The results of the D
2
 distance analysis indicates that all samples are significantly different 
from each other with a p value of <.0001, except for the Mexico male and Mexico female 
samples with a P value of 0.0012.   
 The normal mixture analysis results show similar trends among the males and females for 
the three sample groups, however, no proportions among the male and female individuals in each 
Study Group are statistically significantly different.  The results are shown in Table 5.21.  
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Table 5.21. Mean Proportion of Ancestral Membership by Sex and Group. 
   Mean Probabilities of Cluster Membership (%) 
Sample Sex (n) Native American* European African 
Mexico 
M 121 71.86 24.50 3.63 
F 13 76.83 16.48 6.68 
Puerto Rico 
M 39 3.79 82.23 13.98 
F 39 9.37 78.05 12.58 
Cuba 
M 54 9.02 70.42 20.56 
F 41 7.54 75.27 17.19 
*The Guatemalan Mayan sample is the Native American proxy sample for the Mexico analyses, whereas    
  Indigenous Caribbean was used as the Native American proxy sample for Puerto Rico and Cuba. 
 
 
 The results for the normal mixture cluster analyses are based on mean proportions of all 
individuals into each of the three ancestral clusters.  Both male and female individuals in the 
Mexico sample show the highest proportions of Native American (Guatemalan Mayan) ancestry 
(male=71.86%, female=76.83%), followed by European ancestry (male=24.50%, 
female=16.48%), and the smallest proportion of African ancestry (male=3.63%, female=6.68%).  
Based on these results, Mexican females have a slightly higher proportion of both Native 
American (Guatemalan Mayan) ancestry (by 4.97%) and African ancestry (by 3.05%) than 
Mexican males. 
 The samples representing Puerto Rico and Cuba demonstrate similar trends in ancestry 
proportions.  Puerto Rico males and females have the highest proportion of European ancestry, 
over Native American (Indigenous Caribbean) and African, with mean proportions of 82.23% in 
Puerto Rican males and 78.05% in Puerto Rican females, consisting of a 4.18% difference 
between the two sexes.  Puerto Rican females resulted in a higher proportion of Native American 
(Indigenous Caribbean) ancestry over Puerto Rican males, by 5.58%, while Puerto Rican males 
demonstrated a slightly higher proportion of African ancestry, by 1.4%.  
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 The males and females in the Cuba sample also display a higher proportion of European 
ancestry, with mean proportions of 70.42% for males and 75.27% for females, which results in a 
difference of 4.85%.  The Cuban sample has the largest proportion of African ancestry out of the 
three study samples (male=20.56%, female=17.19%).  Similar to the Puerto Rican sample, the 
proportion of Native American (Indigenous Caribbean) ancestry in the Cuban individuals is the 
smallest, with males having 9.02% and females having 7.54%. 
 
Variation among Recent Forensic Populations 
Using the same twenty shape variables, the D
2
 distance results indicate that all nine 
groups are significantly different from each other with a p value of <.0001.  The Mexico and 
Guatemala samples are, again (as seen in Table 5.8), the most similar craniometrically 
(D
2
=2.586), whereas the Cuba and American Black samples are the next closest to each other 
(D
2
=3.426).  These results are shown in Table 5.22.  
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Table 5.22. D
2
 Distances for Study, Ancestral Proxy, and FDB Samples*. 
Sample Mexico 
Puerto 
Rico 
Cuba Spain 
West 
Africa 
Guatemala 
American 
Black 
American 
White 
Ind. 
Caribbean 
Mexico 0         
Puerto Rico 7.43055 0        
Cuba 5.65272 5.34311 0       
Spain 8.15943 10.3672 5.58409 0      
West Africa 16.5724 18.3947 15.357 14.4438 0     
Guatemala 2.58624 12.7288 9.63531 12.6796 17.1357 0    
American Black 5.33355 8.39939 3.42623 8.47936 9.86033 5.78059 0   
American White 7.55317 4.36807 4.5568 9.19339 19.513 12.104 7.26325 0  
Ind. Caribbean 5.00485 17.6071 11.1319 10.0155 18.0328 5.81014 10.4208 14.5704 0 
*All distances are significantly different with a p value of <0.0001. 
72 
 
The results of the canonical discriminant function provide a canonical correlation totaling 
66.9%, with the first and second canonical variates illustrating 38.18% and 28.73% of the 
variation, respectively.  The among-group variation demonstrating the general relationship 
among the nine groups is illustrated in the canonical variates plot in Figure 5.5.  CAN 1 suggests 
that the West Africa sample has a smaller biauricular breadth (AUB) and nasal height (NLH) 
than all other groups.  Alternatively, the Mexico and Native American (Guatemala and 
Indigenous Caribbean) samples have a smaller cranial maximum length (GOL) and larger 
bizygomatic breadth (ZYB) than all other samples (represented on CAN 2).   
 
 
 
Figure 5.5. CAN 1 and CAN 2 Representing 66.86% of the Variation among the 9 Samples. 
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 After three of the samples were removed (Indigenous Caribbean, Spain, and West 
Africa), the D
2
 distance results for the remaining groups demonstrate all samples are 
significantly different from each other (p < .0001), and reveals that Mexico and Guatemala 
remain the most similar groups (D
2
=2.624) and Cuba and American Black are also the next most 
similar (D
2
=3.296).  These results are presented in Table 5.23. 
 
 
Table 5.23. D
2
 Distances for Study, FDB, and Guatemala Samples. 
Sample Mexico 
Puerto 
Rico 
Cuba Guatemala 
American 
Black 
American 
White 
Mexico 0      
Puerto Rico 7.24603 0     
Cuba 5.67138 5.2604 0    
Guatemala 2.62353 12.4522 9.59261 0   
American Black 5.18165 7.88379 3.29592 5.66448 0  
American White 7.54761 4.31728 4.52209 11.8272 6.82636 0 
*All distances are significantly different with a p value of <0.0001. 
 
 
The canonical discriminant function results shift dramatically with the exclusion of these 
samples.  The first and second canonical variates illustrate 58.81% and 16.89% of the variation, 
respectively, forming a total of 75.7% of the variation.  This canonical variates plot displays 
three distinct clusters with Mexico and Guatemala clustering together, Puerto Rico and American 
White together, and Cuba and American Black together.  The Mexico and Guatemala samples 
have the largest biauricular breadth (AUB) and nasal height (NLH), with American Black and 
Cuba in the middle, and Puerto Rico and American White having the smallest (represented on 
CAN 1).  However, the Cuba and American Black samples have the longest maximum cranial 
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length (GOL) and smallest bizygomatic breadth (ZYB) compared to the other four samples.  
These results are shown in Figure 5.6.  
 
 
Figure 5.6. CAN 1 and CAN 2 Representing 75.7% of the Variation among Groups, including 
the Study, FDB, and Guatemala Samples. 
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CHAPTER SIX: 
DISCUSSION 
 
 This research utilized craniometric data of three groups, representing the three largest 
groups considered Hispanic found within the United States (Ennis et al., 2011).  The results are 
important to the field of forensic anthropology when continuing to develop new techniques to 
identify individuals from these geographic regions.  The analyses demonstrate that the 
craniometrics of these three Study Groups, Mexico, Puerto Rico, and Cuba, and all Ancestral 
Proxy Groups are significantly different from each other, supporting the variation found in 
genetic research.  The cluster analyses provide insight to the variation in admixture proportions 
among the Study Groups.  This chapter will discuss the results of both the population variation 
analyses, which assessed the general relationships and distributions of each of the populations to 
each other, as well as the ancestry proportion analyses.  The ancestry proportion results are 
reflective of each group’s population history.  By understanding the degree to which the cranial 
morphology maintains evidence of the history, forensic techniques can be adapted to each 
population. 
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Population Variation 
Variation among Study Groups  
The U.S. Census, law enforcement, medical agencies, as well as other agencies and the 
general public in the United States continuously utilizes the terms “Hispanic” and Latino and 
defines these terms in the 2010 U.S. Census as “a person of Cuban, Mexican, Puerto Rican, 
South or Central American, or other Spanish culture or origin regardless of race” (Ennis et al., 
2011).  While these individuals may all speak a common language, the population histories of 
their ancestors have directly influenced their population structure leading to a large amount of 
biological variation among the groups.  The first set of analyses for this research explores the 
craniometric variation among the three groups considered Hispanic.  These analyses are 
important to demonstrate the significant variation existing among the groups, as well as 
determine which craniometric measurements are contributing to the most variation.  
Furthermore, the k-means clustering analyses confirmed that when k = 2, Puerto Rico and Cuba 
predominantly cluster together, while the majority of the individuals in the Mexico sample 
cluster separately (Table 5.6).  This clustering analysis supports regional variation found among 
groups considered Hispanic living in the Caribbean versus in Mexico.  However, when k = 3, the 
three groups split with most of the individuals from each composing the majority of the three 
clusters separately (Table 5.7).  This shift supports the significant differences in cranial 
morphological variation shown in the D
2
 distance results.   
 
Variation in Study Groups and Ancestral Proxy Groups 
 After demonstrating the variation found among the three sample groups, four proxy 
ancestral groups were used as a comparison to represent contact groups during colonization.  
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During the late 1400s in the Caribbean and Mexico, indigenous Native Americans were faced 
with European settlers from Spain who then imported hundreds of thousands of West Africans as 
slaves to the various colonies for labor.  Statistical analyses confirm that the cranial morphology 
of all seven groups is significantly different from one another.  Furthermore, the k-means 
clustering analyses shows interesting trends, with the majority of the Mexico and the two 
samples serving as Native American proxy samples (Guatemalan Mayan and Indigenous 
Caribbean) being separated from all other samples (Puerto Rico, Cuba, Spain, and West Africa) 
when k = 2 (Table 5.15).  However, when k = 5, the West African individuals make up the 
majority of a cluster, Spain makes up the majority of another cluster, Puerto Rico and Cuba 
combine to make the majority of the third cluster, and Mexico is split between two clusters, 
sharing one with both the Guatemala and Indigenous Caribbean samples (Table 5.18).  The k = 5 
cluster closely resembles the canonical variates plot presented in Figure 5.2, which illustrates the 
relative relationships of each group to the other groups.  While these trends are important in 
understanding the underlying variation present in the cranial morphology of these groups, they 
do not provide quantifiable results to demonstrate the amount of ancestral influence present 
within each Study Group from the Ancestral Proxy Groups.  
 
Ancestry Proportions 
 The first objective of this research is to test whether similar trends in ancestral admixture 
proportions are seen in the cranial morphology of the three sample groups (Mexico, Puerto Rico, 
and Cuba) as had been found in genetic studies.  The analyses used to address this objective 
allow for a comparison of ancestry proportions based on craniometric data and in previously 
report genetic data, which can be used in the analyses of unidentified skeletal remains during 
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ancestry estimation.  These genetic studies suggest that Hispanic groups primarily consist of 
genetic contributions from Native American, European, and African populations (Bryc et al., 
2010; González Burchard et al., 2005; Price et al., 2007).  It is hypothesized that each sample 
group will display similar trends in ancestry proportions in the craniometrics as in genetic studies 
due to their varying population histories—with the Mexico sample demonstrating the highest 
Native American ancestry, the Puerto Rico sample demonstrating the highest European ancestry, 
and the Cuba sample demonstrating the highest African ancestry.   
Both the Mexican and Puerto Rican craniometric samples reflect similar mean ancestral 
proportions as those concluded in genetic research.  The Mexican sample demonstrates the 
highest Native American (Guatemalan Mayan) ancestry proportion, with a mean of 72.90% 
Native American ancestry (Table 5.21).  Genetic research found a mean Native American 
ancestral proportion in varying Mexican samples ranging from 45.0-94.5%.  Consistently, the 
Mexican sample also displayed the smallest mean proportion of African ancestry of 3.75%, 
which is similar to genetic findings (Bonilla et al., 2005; Bryc et al., 2010; Lisker et al., 1990; 
Martinez-Fierro et al., 2009; Price et al., 2007).  Out of the three sample groups assessed in this 
research, Mexico may consist of the most diverse population depending on the region and state 
of origin.  As discussed in Chapter Two, similar research has compared ancestry proportions 
derived from craniometric data with research from genetic data within Mexico.  Slice and Ross 
(2004) concluded that contemporary Mexicans are most similar to native Mexican indigenous 
populations, as compared to European and African populations.  Even more specifically, Hughes 
et al. (2013) assessed ancestral trends within three regions of Mexico using craniometrics, and 
found that the proportion of European ancestry increases from south to north, while the 
proportion of Native American ancestry increases from north to south.  Although these trends are 
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present, the mean proportion of Native American ancestry remains the highest ancestry 
proportion in all three regions (north, central, and south), while the mean proportion of African 
ancestry remains the lowest in all three regions.  These findings reflect the results found by Rubi-
Castellanos et al. (2009) when using genetic data to assess regional variation in Mexico in a 
longitudinal direction.  The results of the present research are consistent with these findings and 
answer the question of general ancestral proportions within the Mexico sample as a whole.  
The Puerto Rican sample demonstrates the highest proportion of European (Spanish) 
ancestry, with a mean of 81.34% European ancestry, followed by a mean African ancestry 
proportion of 12.32%.  The results found concur with the genetic research, which also found 
European ancestry to be the highest ancestral proportion within the Puerto Rican samples used, 
which ranges from 63.7-67.0%, while the mean proportion of African ancestry was larger in 
genetic studies than found based on the craniometric analyses in this research, ranging from 
18.0-23.6% in the genetic studies (Bryc et al., 2010; Tang et al., 2007; Via et al., 2011). 
The Cuban sample, however, does not reflect similar ancestral proportion trends as in the 
genetic data.  Instead of consisting of the greatest mean proportion of African ancestry, which 
was found by Mendizabal et al. (2008) at 45.0%, the Cuban sample showed similar trends to 
Puerto Rico, with European being the highest mean ancestry proportion of 73.6%.  However, the 
mean African ancestry proportion from the Cuban sample was the largest African proportion for 
all three sample groups at 18.4%.  The Cuban sample for this research includes a total of 95 
individuals from the Colon Cemetery in Havana, Cuba, while the 245 living individuals in 
Mendizabal et al.’s (2008) study were located throughout the entire island of Cuba, including 
more rural areas.  The differences in represented regions within the Cuban samples may be a 
possible contributing factor to the varying results found.  The results found in the normal mixture 
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analyses for the mean ancestry proportions for each group considered Hispanic are consistent 
with the results seen in the canonical discriminant function analyses (Figure 5.2), which address 
the first objective of this research. 
 
Sex-biased Ancestry Proportions 
 The second objective of this research is to examine whether sex-biased ancestral 
asymmetry is found in the craniometrics with similar results to genetic studies involving 
populations from Mexico, Puerto Rico, and Cuba.  Based on the genetic studies, it is 
hypothesized that a sex bias will be found with ancestral proportion asymmetry, reflective of 
differential gene flow, among the males and females of the three Study Groups based on cranial 
morphology.  It is hypothesized that the males will have a higher proportion of European 
ancestry and the females will have a higher proportion of Native American and/or African 
ancestry.  This hypothesis was developed based on multiple genetic studies discussed in Chapter 
Two, which includes but is not limited to Bryc et al. (2010), Carvajal-Carmona et al. (2000), 
González-Andrade et al. (2007), and Spradley (2006).  Approximately 90% of the European 
settlers are thought to have been male individuals, which most likely affected the process of 
admixture and gene flow during the colonization period (Bryc et al., 2010).  Bryc et al. (2010) 
suggest that this process, based on historical events and demographic data of the populations in 
the respective locations, most likely occurred between European males and Native American 
and/or African females.     
 While the results of the normal mixtures analyses, when run on the males and females of 
the Mexico, Puerto Rico, and Cuba samples, do not result in clear sex-biased ancestry proportion 
asymmetry across all three sample groups, some trends in the Mexican and Puerto Rican samples 
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may support the idea of sex-biased ancestry being present.  The Mexico males have a higher 
proportion of European ancestry (by 8.02%), while the Mexico females have a higher proportion 
of both Native American (Guatemalan Mayan) (by 4.97%) and African (by 3.05%) ancestry.  
These results are similar to genetic studies on Mexican Mestizos, which found that higher 
proportions of European ancestry were found on the Y-chromosome, yet higher proportions of 
Native American and/or African ancestry were found in females, either on the mtDNA or X-
chromosome (Wang et al., 2007).   In one study, Native American ancestry was found to be 54% 
higher in the females than males in a Mexico City sample (Price et al., 2007). 
The males in the Puerto Rico sample also have a higher European ancestry (by 4.18%) 
and the females have a higher Native American (Indigenous Caribbean) ancestry (by 5.58%); 
however, the Puerto Rican males had a slightly higher African ancestry proportion (by 1.4%).  
Genetic evidence in Puerto Rico supports a higher proportion of European ancestry in the Y-
chromosome, while the mtDNA was found to hold 61.3% Native American ancestry (Martinez-
Cruzado et al., 2005).  Conflicting results allow for a debate on the amount of African influence 
in the mtDNA versus Y-chromosome.  Martinez-Cruzado et al. (2005) found 27.2% African 
ancestry in the mtDNA, while Bryc et al. (2010) found no African ancestry in the mtDNA (only 
Native American) but more African ancestry in the Y-chromosome along with European 
ancestry. 
On the other hand, the Cuba sample resulted in proportions opposite of what was 
hypothesized.  The Cuban female sample has a higher European proportion (by 4.85%), whereas 
the Cuban males have higher proportions of both Native American (Indigenous Caribbean) (by 
1.48%) and African (by 3.37%) ancestry.  Mendizabal et al. (2008) found that a sex-bias is 
present in the Cuban individuals included in the genetic study, with the mtDNA resulting in 45% 
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African ancestry and only 18% was found in the Y-chromosome.  Furthermore, the mtDNA 
displayed 33% Native American ancestry, but no Native American ancestry (0.0%) was found in 
the Y-chromosome (Mendizabal et al., 2008).       
Fraginals (1977) estimated that from 1746 to 1790, during the first period of slavery in 
Cuba, 90.38% of the slaves imported from West Africa were male.  While this percentage 
slightly decreased from 85.03% (between 1791 and 1822) to 59.80% (between 1845 to 1868), 
male slaves were constantly imported in larger numbers because of their strength and ability to 
work in the sugarcane fields (Fraginals, 1977; Klein and Vinson, 2007).  While Africans made 
up a significant proportion of Cuban residents in the sixteenth and seventeenth centuries, the 
2002 Cuban Census reported that the ethnicity of Cubans in 2002 was 65.1% white, 24.8% 
mulatto and mestizo, and 10.1% black (The World Factbook, 2013-14).  The census percentages 
by ethnicity may support the results of a large proportion of European ancestry in the Cuban 
sample as a whole, as well as in males and females separately, especially within a sample derived 
from the large urban center of Havana, Cuba.   
 The sex bias results also pose the question of whether the population histories and 
resulting gene flow could differentially influence the cranium among male and female 
individuals.  The genetic research discussed provides strong evidence of asymmetrical ancestry 
proportions among male and female individuals within each group considered Hispanic; 
however, the relationship of the ancestral genetics by sex and how it can influence the cranial 
morphology is not as clearly understood.  Generations have passed since the first contact among 
the three ancestral populations, and each group considered Hispanic has experienced varying 
population histories.  Historically, for example, Cuba has been strongly isolated with limited 
migration and gene flow outside of the country, especially with the United States, after the 
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United States–Cuba Trade Embargo in 1960 and the Cuban Missile Crisis in 1962 (Pérez, 2006).  
After being cut off from the United States, as well as other parts of the world to a degree, the 
population of Cuba may have experienced genetic drift, such as a Bottleneck Effect or Founder’s 
Effect, with regards to the asymmetrical male and female gene flow (Auburger et al., 1990; 
Moreno-Estrada, 2013; Qian and Cobas, 2004).  Additionally, with Cuba being a patriarchal 
society, sexual selection for lighter skin females may also serve as a possible explanation for 
higher proportions of European ancestry (Cunningham et al., 1995; Grammer et al., 2003), 
although evidence of sexual selection in modern human populations is also debated (Madrigal 
and Kelly, 2007).  This could also be the case in both Puerto Rico and Mexico, as well as other 
Latin American countries.  Further research should be conducted with genetic and craniometric 
data from the same individuals to further understand this relationship within groups in Latin 
America. 
 
Research Challenges 
Much of the population and sex-biased ancestry proportion results may also be a 
consequence of “biases” within the various samples used.  Many skeletal collections are 
assembled in a biased manner and are not necessarily representative of the population as a whole 
(Komar and Grivas, 2008), whether from archaeological sites (Wood et al., 1992), cemetery 
populations (Walker et al., 1988), anatomical donations (Komar and Grivas, 2008), or historical 
collections (Quigley, 2001).  For this research, not only are the origins of the cranial data 
pertinent to understanding the results and comparing those results gained from the craniometrics 
to those found in the genetic studies, but also different individuals were used for the craniometric 
Hispanic and ancestral data as was used for the mtDNA and Y-chromosome genetic data.    
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As previously discussed in Chapter Four, the Mexico sample is an identified sample of 
Mexican individuals derived from border crossing fatalities found on the United States – Mexico 
border.  Mexican migrants are frequently associated with more rural regions of Mexico and a 
lower socioeconomic status, possibly suggesting they would be of higher Native American 
genetic ancestry (Fox, 2006).  The Puerto Rico sample is made up of craniometric data collected 
from 3D-CT scans of living individuals from Guaynabo, Puerto Rico, while the Cuba sample is 
derived from a cemetery population of individuals who either could not afford or did not have 
family to relocate their buried remains after the allotted time in Havana, Cuba.  While each 
sample is directly derived from individuals who were born and lived in their relative countries, it 
is a caveat of this research that each sample is used as a representative sample of the individual 
within that geographic region.  Much of the genetic results referenced in this research obtained 
the genetic ancestry informative markers (AIMs) from the mtDNA or Y-chromosome data on 
individuals located throughout the country (Bryc et al., 2010; Martínez-Cruzado, 2005; 
Mendizabal et al., 2008).   
The biases associated with the samples used as the proxy ancestral reference populations 
may also be contributing to the difference in results from the genetic studies.  The Guatemala 
sample is a modern Guatemalan Mayan sample recovered from multiple mass graves as the 
result of genocide.  Although the sample is not archaeological, it is used in this research as the 
Native American ancestral proxy for the analyses on the Mexico sample.  This sample is a 
craniometric data set that is available and most likely is the closest sample that represents the 
indigenous Native Americans that may have been present at the time of Spanish contact in 
Mexico (Spradley et al., 2008).  However, it is understood that many individuals attempting to 
cross the United States – Mexico border may be from southern Mexico, and therefore may be 
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Mayan or have Mayan ancestry.  This could be contributing to the inter-population similarities 
among the Mexico and Guatemala samples.  On the other hand, many of the individuals within 
the Mexico sample may not be of Mayan ancestry, which could also pose limitations. 
The Indigenous Caribbean sample, used as the ancestral Native American proxy for 
Puerto Rico and Cuba, consists of crania recovered from Cuba, Jamaica, Dominican Republic, 
and Venezuela.  While all crania were not recovered in Puerto Rico and Cuba, many of the 
indigenous Caribbean groups had a similar language and originated from South America, 
specifically present-day Venezuela, entering into the Caribbean from the south.  The Spanish 
sample was recovered from historic cemeteries in Spain, which fortunately allowed for the age 
and sex of each individual to be known.  The West African samples are derived from national 
museums in New York, New York and Paris, France.  Many museums throughout Europe and 
the United States possess crania from all over the world that were collected during a time of 
exploration and the search to visualize and understand human variation throughout the world.  
The provenience for the individuals in the West Africa sample is unknown, other than a possible 
city of where it was “recovered” (besides the country) and a possible ethnicity.   
 
Applications in Forensic Anthropology 
 Forensic anthropological research concerning the identification of individuals considered 
Hispanic continues to develop and aid in the production of new laboratory techniques utilizing 
new reference groups for comparison (Anderson, 2008; Anderson and Parks, 2008; Birkby et al., 
2008; Ross et al., 2002; Ross et al., 2004; Slice and Ross, 2004; Spradley et al., 2005; Spradley 
et al., 2008; Tise et al., 2013; Wienker and Antúnez, 2012).  While the techniques developed 
within forensic anthropology laboratories throughout the United States can assist in 
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identification, ideally, positive identifications are established through the use of DNA from the 
unidentified remains.  However, frequently funding or family reference samples are unavailable.  
The present research provides insight into the relationship among genetic admixture research 
within the groups analyzed and how admixture can be assessed and understood using the 
morphology of the cranium.   
One of the primary objectives in forensic anthropology is the estimation and creation of a 
biological profile for human skeletal remains.  The biological profile consists of the estimation of 
an individual’s age, sex, stature, and ancestry.  An individual’s ancestry is one of the most 
difficult aspects of the biological profile, as there is an immense amount of variation among all 
population groups throughout the world (Ousley et al., 2009).   
From 1969 to 1980, W. W. Howells (1970) collected craniometric data from 28 specific 
population groups, with a total of 1,348 male and 1,156 female individuals (Howells 1996).  
Howells noted that there were great differences in the size and shape of the crania in the different 
populations (Friedlaender, 2007).  This is consistent with results found in genetic studies (Perez 
et al., 2006).  Throughout the world, craniometric variation shows that there is strong geographic 
patterning (Ousley et al., 2009; Relethford, 1994).  Ousley et al. (2009) suggests that since 
biological distinctiveness has been found among populations, many of the biological populations 
can be differentiated with the use of craniometric data.  In biological anthropology, biological 
distance studies use quantitative values (craniometrics) for physical traits observed on the human 
skull to assess the degree of population divergence among groups separated by geography 
(Buikstra et al., 1990).  These analyses have contributed to the documentation of the vast range 
of variation among human populations and assists in exploring the evolutionary and 
environmental forces contributing to the physical variation (Ross et al., 2002).   
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While the estimation of ancestry is an integral component of the biological profile created 
by forensic anthropologists, the populations used to create these techniques by forensic 
anthropologists should reflect those individuals that are being observed and identified.  The 
majority of identification methods currently used in the practice of forensic anthropology are 
based on American Black and White individuals (Spradley et al., 2008).  The primary sources for 
the development of these methods are from three skeletal collections.  Two collections consist of 
late 19
th
 and early 20
th
 century skeletal remains, including the Robert J. Terry Collection at the 
Smithsonian Institution in Washington, D.C., which consists of individuals from St. Louis, 
Missouri, and the Hamann-Todd Collection at the Cleveland Museum of Natural History in 
Cleveland, Ohio, which is comprised of individuals from the Ohio area (Spradley et al., 2008).  
Additionally, the William M. Bass Donated Skeletal Collection, a modern skeletal collection, 
consists primarily of American White and Black individuals.  Therefore, there have been no 
skeletal collections with a large amount of skeletal remains from Latin America, which has 
prevented research to be conducted on these populations (Spradley et al., 2008).  When 
attempting to use methods created from American White and Black individuals on Latin 
American, or Hispanic, skeletal remains, Spradley et al. (2008) found significant inaccuracy.  
Within the results of the study, only 10 out of 21 Hispanic individuals were correctly classified 
as Hispanic, with posterior probabilities ranging from 0.4 to 0.8 and a significance of p < 0.0001 
between the mean results of each population (Spradley et al., 2008).  Due to the fact that the 
majority of the current methods in forensic anthropology are based on American Black and 
White individuals, the assessment, knowledge, and understanding of skeletal remains of groups 
and individuals considered Hispanic is still an ongoing effort by forensic anthropologists in the 
United States.   
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Frequently, forensic anthropologists utilize FORDISC 3.0 and 3D-ID, which are both 
personal computer programs created to assist in the estimation of ancestry through discriminant 
function analysis (Ousley and Jantz, 2005; Slice and Ross, 2009).  In FORDISC 3.0, small 
Hispanic and Guatemalan samples (separately) are included, along with six other ancestral 
categories, including American White, American Black, and Native American.  An unidentified 
individual with unknown ancestry is compared to the identified individuals in the samples 
included in the program.  The result of the program’s analysis for a specific case includes a 
posterior probability and typicality of how similar and how likely the unidentified individual is 
of a certain ancestry.  The Hispanic sample, for example, consists of 227 male and 62 female 
individuals, with a total of 289 individuals.  Ousley and Jantz (2005) acknowledge within the 
program that the Hispanic group has “been the most problematic as far as ‘race’ is considered,” 
and they state that the individuals within the Hispanic group only consist of individuals born in 
the United States, Mexico, or Central America.  While the U.S. Census definition of Hispanic 
includes individuals of “Cuban, Mexican, Puerto Rican, South or Central American, or other 
Spanish culture or origin, regardless of race” (Ennis et al., 2011), FORDISC does not include 
any individuals born in the Caribbean, with the statement that they may be more likely to classify 
as American Black (Ousley and Jantz, 2005).  FORDISC is an excellent tool for forensic 
anthropologists and allows for the support of ancestry assessments based on non-metric 
morphological traits by providing probabilities and error rates.  These quantifiable rates are 
concurrent with the requirements established by the Daubert ruling for “best practice” within the 
field (Christensen and Crowder, 2009; Daubert, 2003).  However, by not including many of the 
populations groups that are culturally considered Hispanic within the United States, there are 
limitations.  Furthermore, when an unidentified individual is classified as Hispanic in FORDISC, 
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the individual is left in a broad category without more specific insight of where the individual 
may be from or have ancestral ties.   
3D-ID is another personal computer program used by forensic anthropologists when 
conducting case work.  The program utilizes 3D coordinate data from the crania collected with a 
Microscribe digitizer to also estimate the ancestry of an unidentified individual (Slice and Ross, 
2009).  The reference populations included in 3D-ID tend to be more geographically based, 
rather than ancestral categories found within the United States, such as in FORDISC 3.0.  Along 
with African, African-American, East Asian, European, and European American, groups 
considered Hispanic in 3D-ID include Circumcaribbean (n = 26), Mesoamerican (n = 43), and 
South American (n = 79) (Slice and Ross, 2009).  While these categories incorporate more 
variation within Hispanic, the sample sizes remain small, may not consist of recent modern 
samples, and may not be truly representative of the variation within these smaller geographic 
areas.   
Spradley et al. (2008) point out that the growth of the Hispanic population in the United 
States will lead to forensic anthropologists encountering more individuals considered Hispanic in 
their caseloads.  The field must continue to update and modify methods based on the changing 
demographics of the total United States population and the individuals that may be included in 
cases.  Forensic anthropologists that practice in the southwestern United States will most likely 
be faced with Hispanic individuals from Mexico and Latin America, whereas those in the 
southeast will mostly likely see Hispanic individuals from Cuba, Puerto Rico, and other areas of 
the Caribbean.  While this is the common trend, there is an increasing number of individuals 
considered Hispanic from varying countries being found within each region of the United States 
(Ross et al., 2004; Spradley et al., 2008; Tise et al., 2014).  An understanding of Hispanic 
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skeletal remains and the variation within and between the population groups is needed to create 
techniques to improve the estimation of the biological profile for these individuals in the future.  
 For the analyses within this research, and to address the third objective, modern groups 
found within Latin America and the United States are used to understand the cranial relationship 
of the groups considered Hispanic to other modern groups in the United States.  For this purpose, 
two samples from the Forensic Anthropology Data Bank (FDB) were included in the data set, 
along with the Mexico, Puerto Rico, Cuba, and Guatemala samples (Jantz and Moore-Jansen, 
1988).  The FDB consists of skeletal data from identified individuals throughout the United 
States, and the data from the American Black and White crania were used for these analyses. 
 The results of these analyses demonstrate that the Mexico and Guatemala samples remain 
the most similar groups, followed by the Cuba and American Black samples.  These results were 
determined by the D
2
 distance analysis, yet the canonical discriminant function analysis 
supported these findings.  The canonical variates plot illustrates the similarities among Mexico 
and Guatemala, as well as among Cuba and American Black, but also shows that the Puerto Rico 
and American White samples have morphologically similar crania.   
The results of the D
2
 distance and canonical discriminant function analyses raise many 
questions regarding the relationship of Cuba with American Black versus West African.  When 
compared to West African, as opposed to American Black, the Cuba sample displayed strong 
differences, which was shown with a high D
2
 value.  The West Africa sample consists of 
individuals who lived in West Africa and are thought to have died in the late 1800s or early 
1900s.  These individuals most likely pre-date a large amount of the migration into large West 
African urban centers, such as Nigeria, and are commonly associated with indigenous West 
African groups.  On the other hand, the FDB American Black sample consists of individuals who 
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lived in the United States and died in the mid to late 1900s or early 2000s.  Importantly, 
American Black individuals have a similar ancestral history to Cuban individuals, although 
almost completely parallel and uninfluenced by each other.  Spradley (2006) demonstrated that 
the cranial morphology of American Blacks has undertaken secular change after the advent of 
colonization and the African slave trade.  Gene flow among West African slaves and Europeans 
most likely largely contributed to the morphological changes that have occurred, however, other 
factors, such as selection, plasticity, and other environmental influences, could also have played 
a role. 
 The ancestors to those individuals in the Cuba sample most likely experienced similar 
gene flow and secular change.  The individuals in both the American Black and Cuban samples 
lived in the same time period, and both samples most likely had ancestors who lived during the 
period of colonization with small populations of Native Americans, but a large influx of 
European settlers and West Africans during the African slave trade.  Relethford (2004) suggests 
that there are three primary ways that migration can impact craniometric variation in human 
populations, both genetically and environmentally.  Migration to a different environment, 
especially at an early age, can lead to developmental plasticity resulting in a change in phenotype 
(Boas, 1912; Spradley, 2006; Relethford, 2004).  Also, migration to a different environment can 
influence the gene pool of a population, which can then lead to long-term phenotypic changes 
through natural selection.   
“Perhaps the most important finding here is that the different influences on craniometric 
variation do not erase or obscure other influences” (Relethford, 2004:385).  Plasticity may exist 
for craniometric traits; however, the degree to which genetics versus the environment is 
contributing remains highly debated.  While there is a genetic basis to all biological adaptive 
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patterns, some are more specific and identifiable from their phenotypic expression, yet others are 
more plastic and are expressed more broadly depending on the environmental circumstances 
(Little and Baker, 1988).  Research continues to explore cranial morphological variation among 
human populations throughout the world, which has resulted from factors such as gene flow, 
genetic drift, and varied population histories (Carson, 2006; Hanihara et al., 2003; Howells, 
1970; Hubbe et al., 2009; Kohn, 1991; Ramachandran et al., 2005; Relethford, 2004; Relethford 
and Crawford, 1995).  
While the question may arise that asks whether cranial morphology is too plastic for 
studying population structure, craniometric data have been found to follow a common 
geographic pattern with genetic markers (Betti et al., 2010; Hubbe et al., 2009; Relethford, 
2004).  Molecular variation and worldwide distribution may be explained in terms of population 
structure and demographic history (Mielke et al., 2006).  Population structure includes the factors 
(including all behavioral, cultural, ecological and geographical factors) that influence gene flow 
within a population, while population history focuses on the genetic impact of historical factors, 
such as migrations and other events, that may have either permitted or hindered gene flow 
(Mielke et al., 2006).  Studies suggest that the human cranium withholds a strong population 
history signal (Hubbe et al., 2009), and the variation in phenotype has both genetic and 
environmental components (Carson, 2006).   
While this research utilizes individuals who belong to three countries whose populations 
are considered Hispanic by the United States U.S. Census definition (Ennis et al., 2011), the 
results demonstrate that the Hispanic population is not homogeneous.  Variation is not only 
found among the groups located in Mexico versus the Caribbean, but also between groups 
located within the Caribbean.  The varying population histories have contributed to the biological 
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variation in the cranial morphology of these groups.  The field of forensic anthropology is in a 
state of limbo when faced with the question of how to address the use of the word “Hispanic” 
and how to create techniques to assist with the identification of these individuals.  The use of the 
term Hispanic can be problematic and can hinder the identification of individuals by preventing 
the estimation of a more specific geographic area of origin.  On the other hand, currently, 
craniometric data does not exist from a large amount of the countries or cultural boundaries 
included in the Hispanic category, which would make it difficult to support the use of 
discriminant functions that include only samples from the data available.  This could continue to 
lead to unidentified individuals with a false country of origin estimation.  An understanding of 
Hispanic skeletal remains and the variation within and between the population groups is needed 
to create techniques to improve the estimation of the biological profile for these individuals in 
the future.   
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CHAPTER SEVEN: 
CONCLUSION 
 
Genetic studies often refer to the Hispanic population as a “tri-hybrid” of Native 
American, European, and African ancestry (Bertoni et al., 2003; González-Andrade et al., 2007).  
Mexico, Puerto Rico, and Cuba all experienced varying population histories regarding the 
contact among these three ancestral groups.  This disseration captured and compared the 
resulting genetic ancestry of the three groups considered Hispanic with the metrics of the cranial 
morphology.  The first objective of this research is to assess whether similar trends in ancestral 
admixture proportions are seen in the craniometrics of the three sample groups as has been found 
in genetic studies.  The ancestry proportions based on the craniometrics for the Mexico and 
Puerto Rico samples reflected similar results as reported in genetic studies (Bryc et al., 2010; 
Lisker et al., 1990; Price et al., 2007; Rubi-Castellanos et al., 2007; Tang et al., 2007; Via et al., 
2011).  The Mexican sample resulted in the highest mean proportion of Native American 
(Guatemalan Mayan) ancestry, while the Puerto Rican sample resulted in the highest mean 
proportion of European (Spanish) ancestry.  Mexico also resulted in the smallest African 
ancestry proportion out of all three groups.  The Cuban sample differed from the results found in 
genetic studies, with the greatest mean proportion of European ancestry, followed by African 
ancestry (Mendizabal et al., 2008).   
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The ancestral proportion results of Cuba are further discussed when compared to a 
modern American Black and White sample, instead of the ancestral groups from West Africa and 
Spain.  This analysis demonstrates a significant shift in the craniometrics of the Cuban sample 
towards the American Black population.  The craniometrics of Cuba and American Black are 
reflective of similar population histories with the advent of slavery from Africa.  Between 1519 
and 1867, almost half of all slaves from Africa were sent to either Brazil or Cuba, and these two 
countries were the last two nations to abolish slavery (Cuba abolished slavery in 1886) (West-
Durán, 2003).  Additionally, in 1810, the non-white population in Cuba was larger than the 
number of white individuals (West-Durán, 2003).  The extremely large amount of slaves that 
were imported into Cuba supports this cranial morphological shift to cluster with a modern 
American Black sample.   
The second objective of this research is to explore the possibility of sex-biased ancestry 
proportions and the presence of asymmetrical proportions that may be found in these three 
groups.  While some results were consistent with genetic studies, proposing that Hispanic males 
would have larger mean proportions of European ancestry and Hispanic females would have 
larger mean proportions of Native American and/or African ancestry, most of the results in the 
analyses did not follow this trend.  Mexico was the only sample to follow this sex-biased trend 
with males having a larger proportion of European ancestry and females having a larger 
proportion of Native American and African ancestry, however, the largest proportion difference 
was 8.02% among the European proportions.  Cuba, on the other hand, resulted in male and 
female ancestral proportions that were completely reverse of the genetic studies.  The Cuban 
males resulted in the higher proportions of Native American and African ancestry, while the 
Cuban females resulted in a higher European proportion (yet only by 4.85%, which was the 
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largest difference in mean proportion among Cuban male and female individuals). The 
differences in the Cuba sample may be a result of the modern population being predominately of 
European origin, the presence of modern sexual selection for lighter skin females in Latin 
communities, or the possible lack of understanding or lack of influence ancestry may have 
differentially on the cranium in male and female individuals.   
The third objective of this research is to illustrate the craniometric relationships among 
modern groups found in the United States.  The results show that, when comparing Mexico, 
Puerto Rico, Cuba, and Guatemala to American Black and White samples, Mexico and 
Guatemala are the most similar, followed by Cuba and American Black, and then Puerto Rico 
and American White.  These results help to explain and demonstrate the craniometric 
relationships among these six groups, and more specifically among the groups considered 
Hispanic.   
The results of this research provide insight into the relationship of cranial morphology 
and genetics of ancestry informative markers (AIMs) in admixed populations, such as in 
individuals and groups considered Hispanic.  By understanding the population histories in each 
group considered Hispanic and how gene flow has influenced the genetics of each group 
differentially, the inter-population cranial variation can be captured and compared to understand 
population relationships.  This knowledge and understanding can also be applied to research in 
forensic anthropology to assist in the development of techniques and the effort to identify 
individuals considered Hispanic.  Law enforcement frequently request the help of forensic 
anthropologists when investigating cases of missing and unidentified persons.  These cases 
become even more difficult when an individual is from outside the United States, such as Latin 
America (Spradley et al., 2008).   
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DNA samples are often taken from skeletal remains, however, DNA testing is expensive, 
a lengthy process, and family reference samples are not always available, especially when a 
region of origin is unable to be established.  This dissertation provides results that indicate 
craniometric data mirror much of the published genetic data when assessing ancestral admixture 
proportions.  Importantly, by being able to utilize the cranial morphology of an unidentified 
individual from an admixed population to more specifically estimate and provide law 
enforcement a geographic region of origin, the likelihood of identification will improve.  This 
research will contribute to the ongoing effort to begin to understand the inter-population 
variation among the diverse groups considered Hispanic in the United States.  
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APPENDIX A: 
STANDARD CRANIAL MEASUREMENT AND LANDMARK DEFINITIONS 
 
 
[Taken from Data Collection Procedures for Forensic Skeletal Material  
(Moore-Jansen et al., 1994:44-57)] 
 
1. Maximum Cranial Length: (GOL) The distance of glabella (g) from opisthocranion 
(op) in the mid-sagittal plane measured in a straight line.  Glabella (g) is defined as the 
most forwardly projecting point in the mid-sagittal plane at the lower margin of the 
frontal bone, which lies above the nasal root and between the superciliary arches.  
Opisthocranion (op) is defined as the most posteriorly protruding point on the back of 
the braincase, located in the mid-sagittal plane. 
 
2. Maximum Cranial Breadth: (XCB) The maximum width of the skull perpendicular to 
the mid-sagittal plane wherever it is located with the exception of the inferior temporal 
line and the immediate area surrounding the latter (i.e. the posterior roots of the 
zygomatic arches). This measurement is taken from right and left euryon (eu) which is 
defined as the most laterally positioned point on the side of the braincase. 
 
3. Bizygomatic Breadth: (ZYB) The direct distance between both zygia (zy) located at 
their most lateral points of the zygomatic arches. Zygion (zy) is defined as the most 
laterally positioned point on the zygomatic arches. 
 
4. Basion-Bregma Height: (BBH) The direct distance from the lowest point on the anterior 
margin of the foramen magnum, basion (ba), to bregma (b).  Basion (ba) is defined as the 
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point where the anterior margin of the foramen magnum is intersected by the mid-sagittal 
plane.  Bregma (b) is defined as the point where the sagittal and coronal sutures meet. 
 
5. Cranial Base Length: (BNL) The direct distance from nasion (n) to basion (ba).  Nasion 
(n) is defined as the point of intersection of the naso-frontal suture and the mid-sagittal 
plane. 
 
6. Basion-Prosthion Length: (BPL) The direct distance from basion (ba) to prosthion (pr).  
Prosthion (pr) is defined as the most anterior point on the alveolar border of the maxilla 
between the central incisors in the mid-sagittal plane.  
 
7. Maximum Alveolar Breadth: (MAB) The maximum breadth across the alveolar borders 
of the maxilla measured on the lateral surfaces at the location of the second maxillary 
molars. 
 
8. Maxillo-Alveolar Length: (MAL) The direct distance from prosthion (Hrdlicka’s 
prealveolar point) to alveolon (alv).  Alveolon (alv) is defined as the point where the 
midline of the palate is intersected by a straight tangent connecting the posterior borders 
of the alveolar crests. 
 
9. Biauricular Breadth: (AUB) The least exterior breadth across the roots of the zygomatic 
processes, wherever found. 
 
10. Upper Facial Height: (UFHT) The direct distance from nasion (n) to prosthion (pr). 
 
11. Minimum Frontal Breadth: (WFB) The direct distance between the two 
frontotemporale (ft).  Frontotemprale (ft) is defined as a point located generally forward 
and inward on the superior temporal line directly above the zygomatic process of the 
frontal bone.   
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12. Upper Facial Breadth: (UFBR) The direct distance between the two frontomalare 
temporalia (fmt).  Frontomalare temporale (fmt) is defined as the most laterally 
positioned point on the fronto-malar suture. 
 
13. Nasal Height: (NLH) The direct distance from nasion (n) to nasospinale (ns).  
Nasospinale (ns) is defined as the lowest point on the inferior margin of the nasal 
aperture as projected in the mid-sagittal plane. 
 
14. Nasal Breadth: (NLB) The maximum breadth of the nasal aperture. 
 
15. Orbital Breadth: (OBB) The laterally sloping distance from dacryon (d) to ectoconchion 
(ec).  Dacryon (d) is defined as the point on the medial border of the orbit at which the 
frontal, lacrimal, and maxilla intersect.  Ectoconchion (ec) is defined as the intersection 
of the most anterior surface of the lateral border of the orbit and a line bisecting the orbit 
along its long axis. 
 
16. Orbital Height: (OBH) The direct distance between the superior and inferior orbital 
margins. 
 
17. Biorbital Breadth: (EKB) The direct distance from one ectoconchion (ec) to the other. 
 
18. Interorbital Breadth: (DKB) The direct distance between right and left dacryon (d). 
 
19. Frontal Chord: (FRC) The direct distance from nasion (n) to bregma (b) taken in the 
mid-sagittal plane. 
 
20. Parietal Chord: (PAC) The direct distance from bregma (b) to lambda (l) taken in the 
mid-sagittal plane.  Lambda (l) is defined as the point where the two branches of the 
lambdoidal suture meet with the sagittal suture.  
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21. Occipital Chord: (OCC) The direct distance from lambda (l) to opisthion (o) taken in the 
mid-sagittal plane.  Opisthion (op) is defined as the point at which the mid-sagittal plane 
intersects the posterior margin of the foramen magnum. 
 
22. Foramen Magnum Length: (FOL) The direct distance of basion (b) from opisthion (o). 
 
23. Foramen Magnum Breadth: (FOB) The distance between the lateral margins of the 
foramen magnum at the point of the greatest lateral curvature. 
 
 
[Taken from Howells (1973:166-177))] 
 
24. Biasterion Breadth: (ASB) Direct measurement from one asterion (as) to the other.  
Asterion (as) is defined as the common meeting point of the temporal, parietal, and 
occipital bones, on either side. 
 
25. Zygomaxillare Breadth: (ZMB) (also called Bimaxillary Breadth) The breadth across 
the maxillae, from one zygomaxillare anterior to the other.  Zygomaxillare anterior is 
defined as the intersection and the limit of the attachment of the masseter muscle, on the 
facial surface.  
 
 
[Taken from Woo and Morant (1934)] 
 
26. Midorbital Width: (MOW) The mid-orbital breadth between two points, right and left, 
where the malar-maxillary sutures cross the lower margins of the orbits.   
 
 
 
 
 
